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Summary
Background Tau in Alzheimer’s disease (AD) is assessed via cerebrospinal fluid (CSF) and Positron emission
tomography (PET). Novel methods to detect phosphorylated tau (pTau) in blood have been recently developed. We
aim to investigate agreement of tau status as determined by [18F]MK6240 tau-PET, plasma pTau181 and pTau231.

Methods We assessed cognitively unimpaired young, cognitively unimpaired, mild cognitive impairment and AD
individuals with [18F]MK6240, plasma pTau181, pTau 231, [18F]AZD4694 amyloid-PET and MRI. A subset under-
went CSF assessment.

We conducted ROC curves to obtain cut-off values for plasma pTau epitopes. Individuals were categorized as positive
or negative in all biomarkers. We then compared the distribution among concordant and discordant groups in rela-
tion to diagnosis, Ab status, APOEe4 status, [18F]AZD4694 global SUVR, hippocampal volume and CSF pTau181.

Findings The threshold for positivity was 15.085 pg/mL for plasma pTau181 and 17.652 pg/mL for plasma pTau231.
Most individuals had concordant statuses, however, 18% of plasma181/PET, 26% of plasma231/PET and 25% of the
pTau231/pTau181 were discordant. Positivity to at least one biomarker was often accompanied by diagnosis of
Abbreviations: AD, Alzheimer's disease; Ab, Amyloid-beta; CSF, Cerebrospinal Fluid; CI, Cognitively impaired; CU, Cognitively

unimpaired; CUY, Cognitively unimpaired young; MCI, Mild Cognitive Impairment; PET, Positron Emission Tomography; pTau,

Phosphorylated tau; SUVR, Standardized Uptake Value Ratio
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cognitive impairment, Ab positivity, APOEe4 carriership, higher levels of [18F]AZD4694 global SUVR, hippocampal
atrophy and CSF pTau181.

Interpretation Plasma pTau181, pTau231 and [18F]MK6240 seem to reflect different stages of tau progression.
Plasma biomarkers can be useful in the context of diagnostic information and clinical trials, to evaluate the disease
stage. Moreover, they seem to confidently evaluate tau-PET positivity.

Funding Moreover, this study was supported by Weston Brain Institute, Canadian Institute of Health Research and
Fonds de Recherche du Qu�ebec.

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

Assessment of tau in vivo is done through positron
emission tomography (PET) or cerebrospinal fluid (CSF)
assessment. However, those methods are costly and
invasive. Research is now focusing on blood-based bio-
markers to have an efficient and inexpensive way to
assess tau pathology rapidly. Previous work was done
on the correlation between plasma phosphorylated-tau
(pTau) and tau-PET. However, no study compared the
concordance and discordance of tau status, depending
on the tau biomarker assessed, either using plasma
pTau epitopes or tau-PET. In this study, we compared
tau status assessed with plasma pTau231 and pTau181
and [18F]MK6240 tau-PET.

Added value of this study

The current work demonstrated that most individuals
have concordant statuses. This implies assessments of
blood tau seem to confidently evaluate tau presence in
the brain of individuals along the Alzheimer’s disease
spectrum. Additionally, there was an important propor-
tion of individuals showing discrepancy, i.e. they were
negative to one biomarker but positive to another. This
leads to the idea that plasma pTau231, pTau181 and
tau-PET reflect different stages of tau progression.

Implications of all available evidence

Even though statuses using either plasma pTau231,
pTau181 or tau-PET did not present perfect concor-
dance, it corroborates a study conducted using CSF
demonstrating that biofluid markers are earlier predic-
tors of tau pathology, as compared to tau-PET. Longitu-
dinal analyses are required to assess the disease
biomarker trajectories in the plasma. However, our
study emphasizes the importance of plasma assess-
ment, and supports its use in clinical and diagnostic set-
tings to assess tau pathology.
Introduction
The core characteristics of Alzheimer’s disease (AD) are the
accumulation of amyloid-b (Ab) plaques and phosphory-
lated tau (pTau) tangles, and plaque-surrounding neurites
in the brain, then leading to neurodegeneration.1 Positron
emission tomography (PET) imaging and cerebrospinal
fluid (CSF) assessments are used to detect the presence of
AD pathologies in vivo. Due to the high cost and perceived
invasiveness of these methods, recent research has been
focusing on blood-based biomarkers of AD to diagnose and
facilitate clinical trial recruitment.2 It was recently demon-
strated that ultra-sensitive assays for tau phosphorylated at
threonine-181 (pTau181) and threonine-231 (pTau231) in
plasma3�7 provide an inexpensive way to determine the
presence of brain neurofibrillary tangles in vivo.

However, recent studies also provided evidence of
variability in the biomarker status depending on the
method used,8 which also seems to depend on the clini-
cal stage. CSF Ab has been suggested to precede Ab-
PET positivity.9 Similarly, further evidence supports the
idea that CSF pTau181 precedes tau-PET positivity.10

Plasma biomarkers seem to coincide with CSF results
more closely than with PET biomarkers.11

Plasma assessments of pTau are promising tools to aid
in the diagnosis and clinical management of patients with
cognitive impairment, though many questions remain.12

An important one is the degree to which elevated concen-
trations of different plasma pTau epitopes deliver similar
information, and predict tau positivity status as determined
by PET. Here we investigate the concordance and discor-
dance of plasma pTau181, plasma pTau231 and [18F]
MK6240 tau-PET biomarker statuses.
Methods

Study participants and ethics
Data was obtained from the TRIAD cohort,13 from Octo-
ber 2017 to February 2020. The project was approved
www.thelancet.com Vol 76 Month , 2022
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by the Douglas Institute Research Ethics Board and
written consent was obtained from all participants (Pro-
tocols: IUSMD 16-60 and 16-61). 284 individuals (30
cognitively unimpaired young (CUY), 162 cognitively
unimpaired (CU), 60 Mild Cognitive Impairment
(MCI) and 32 AD) underwent plasma pTau181 and
pTau231 assessments, [18F]MK6240 tau-PET, [18F]
AZD4694 amyloid-PET, MRI, and a neuropsychologi-
cal evaluation. Among them, 151 participants were also
subjected to CSF pTau181 assessment (22 CUY, 79 CU,
34 MCI and 16 AD). Details on the information gath-
ered from participants can be found here: https://triad.
tnl-mcgill.com/. CU individuals are defined as having
no cognitive impairment.14 Consistent with the biologi-
cal AD research framework from the National Institute
of Aging-Alzheimer’s Association,15 participants with-
out a diagnosis of MCI or AD with subjective memory
complaints were analyzed with CU individuals. In addi-
tion to standard clinical assessments, Mini Mental State
Examination (MMSE) and Clinical Dementia Rating
(CDR) total scores were used to define MCI operation-
ally as a total MMSE score of 26 or above and a global
CDR of 0.5,16 and dementia due to AD as MMSE lower
than 26 and a global CDR above 0.5.15 No participant
met the criteria for another neurological or major neu-
ropsychiatric disorder.
PET processing
PET acquisition and processing of [18F]MK6240 and
[18F]AZD4694 can be found elsewhere.17

A composite mask including the entorhinal, amyg-
dala, fusiform, inferior and middle temporal cortices
was used to calculate [18F]MK6240 temporal meta-ROI
SUVR. Those regions are said to capture the changes
associated with AD.10,18 We used a published threshold
of 1.24 temporal meta-ROI SUVR19 to determine tau-
PET positivity. In this study, the authors set the thresh-
old by calculating the mean SUVR + 2 standard devia-
tions from the CUY population. A global [18F]AZD4694
SUVR value was estimated by averaging the SUVR
from the precuneus, prefrontal, orbitofrontal, parietal,
temporal, anterior and posterior cingulate cortices.20

The cut-off value for positivity was above a published
threshold of 1.5513 global SUVR, used to classify partici-
pants as Ab positive (Ab+) or Ab negative (Ab-). Finally,
hippocampal volume was also extracted from MRI
images using FreeSurfer.
Biofluid measurements
All plasma pTau biomarkers were measured using in-
house Single Molecular Array (Simoa) methods Simoa
HD-X instruments (Quanterix, Billerica, MA, USA).
Methods were described in the supplementary material,
and further detailed elsewhere.3,7 CSF pTau181 was
measured via Lumipulse, at the Clinical
www.thelancet.com Vol 76 Month , 2022
Neurochemistry Laboratory, University of Gothenburg,
M€olndal, Sweden, by scientists blinded to participants’
clinical information.
Statistical analyses
Receiver Operating Characteristic (ROC) curves analy-
ses were performed to assess the optimal cut-off value
for plasma pTau181, and pTau231. CUY were consid-
ered as the healthy group, contrasted with AD (Youden
Index). We used the CUY as the healthy group as it is
known that tau pathology is also related to aging, thus
can be observed in CU elderlies.21,22 CUY were not used
in subsequent analyses. Exploratory analyses were also
conducted using CU as the healthy group, contrasted with
AD. Each individual was categorized as positive or negative
in all biomarkers. We obtained four groups: concordant
plasma pTau negative / PET negative (Plasma-/PET-), dis-
cordant plasma pTau positive / PET negative (Plasma
+/PET-), discordant plasma pTau negative / PET positive
(Plasma-/PET+) and concordant plasma pTau positive /
PET positive (Plasma+/PET+). In the case of plasma
pTau231 and pTau181 analyses, the four groups were: con-
cordant negative (pTau231-/pTau181-), discordant plasma
pTau231 positive / pTau181 negative (pTau231+/pTau181-),
discordant plasma pTau231 negative / pTau181 positive
(pTau231-/pTau181+) and concordant positive (pTau231
+/pTau181+).

We conducted Spearman correlation analysis
between [18F]MK6240 SUVR, plasma pTau181 and
pTau231. Using ANOVA and chi-square tests when
appropriate, we compared the demographic variables in
all groups, and calculated the coefficient of variation.

Further ROC curves were conducted to see how
plasma pTau epitopes predicted Ab-PET positivity.

Role of funders: This work was supported by the
Weston Brain Institute, Canadian Institute of Health
Research (CIHR), and Fonds de recherche du Qu�ebec
� Sant�e. None of the funders had a role in the study
design, data collection, data analyses, interpretation or
writing of the report.
Results

Demographics
There were significant differences between the diagnos-
tic groups in terms of age, plasma pTau181 and
pTau231 levels, temporal meta-ROI SUVR, hippocam-
pal volume, APOEe4 genotype and CSF pTau181. From
CU to AD, individuals had higher levels of plasma
pTau181, pTau231, CSF pTau181 and temporal meta-
ROI [18F]MK6240 SUVR, as well as lower hippocampal
volume. Moreover, APOEe4 carriership was more com-
mon in individuals with cognitive impairment (either
MCI or AD). Similarly, there was a slightly significant
difference in the years of education, being higher in
3



CUY CU MCI AD P value

Number of individuals 30 162 60 32

Age (mean § sd) 23.0 § 2.1 69.4 § 10.3 70.3 § 9.1 64.9 § 10.4 <0.001

Sex (Female (%)) 19 (63) 102 (63) 27 (45) 16 (50) 0.073

Education (mean § sd) 17.0 § 2.2 15.4 § 3.7 14.8 § 4.0 13.9 § 3.4 0.006

Plasma pTau181 pg/mL (mean § sd) 8.0 § 3.6 11.3 § 6.9 16.1 § 8.6 26.8 § 12.9 <0.001

Plasma pTau231 pg/mL (mean § sd) 9.2 § 5.9 15.4 § 8.6 18.1 § 9.5 27.6 § 11.0 <0.001

Temporal meta-ROI SUVR (mean § sd) 1.0 § 0.1 1.1 § 0.2 1.6 § 0.8 2.6 § 0.9 <0.001

Hippocampal Volume (mean§sd) 4.1 § 0.3 3.5 § 0.4 3.5 § 0.4 2.9 § 0.4 <0.001

APOEe4 (data available) 30 158 58 29 0.002

0 (N (%)) 22 (73) 116 (73) 30 (52) 14 (48)

1 (N (%)) 8 (27) 40 (25) 22 (38) 12 (41)

2 (N (%)) 0 (0) 2 (1) 6 (10) 3 (10)

CSF pTau181 pg/mL (data available) 22 79 34 16

(mean § sd) 22.4 § 7.5 43.2 § 25.2 76.8 § 50.2 110.6 § 63.4 <0.001

Table 1: Demographics from the TRIAD cohort.
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CUY as compared to the other diagnostic groups. How-
ever, there was no statistically significant difference in
terms of sex (Table 1). Similar results were observed in
the subgroup that underwent CSF assessment (Supple-
mentary Table 1). Moreover, the coefficient of variation
(Supplementary Table 2) showed high variation biofluid
measures (CSF and plasma), as compared to low varia-
tion in imaging (MRI and PET).
Discrepancies between statuses of plasma pTau231,
pTau181 and tau-PET
CUY were only used for the calculation of cut-off values.
Using ROC curves (contrasting CUY versus AD � sup-
plementary Fig. 1), we determined that the cut-off value
Plasma-/PET- Plasma+

Number of individuals 156 26

Diagnosis

CU 130 20

MCI 25 4

AD 1 2

Age (mean § sd) 68.9 § 10.3 73.3 § 8.

Sex (Female (%)) 90 (58) 14 (54)

Education (mean § sd) 15.1 § 4.0 15.6 § 2.

Plasma pTau181 pg/mL (mean § sd) 9.3 § 2.8 24.2 § 13

Plasma pTau231 pg/mL (mean § sd) 13.6 § 6.7 20.3 § 12

Temporal meta-ROI SUVR (mean § sd) 1.1 § 0.1 1.1 § 0.8

Hippocampal Volume (mean§sd) 3.5 § 0.4 3.3 § 0.4

APOEe4 (data available) 151 24

0 (N (%)) 113 (75) 18 (75)

1 (N (%)) 37 (25) 5 (21)

2 (N (%)) 1 (1) 1 (4)

CSF pTau181 pg/mL (data available) 78 12

(mean § sd) 40.0 § 16.3 44.6 § 14

Table 2: Demographics of groups based on Plasma pTau181 and tempo
for positivity for plasma pTau181 was 15.085 pg/mL,
and the value for plasma pTau231 was 17.652 pg/mL,
using in vitro phosphorylated full-length recombinant
tau 441 in both cases.3,7 When using CU as the healthy
group, the cut-off value did not differ for plasma
pTau181. Even though the cut-off for plasma pTau231
was higher, it did not impact the results of this study. In
the exploratory analyses, we calculated the area under
the curve for sensitivity and specificity of plasma
pTau231 and pTau181 to evaluate Ab positivity as
assessed via [18F]AZD4694. Analyses revealed that
plasma pTau epitopes have acceptable AUC to discrimi-
nate between amyloid statuses.

Plasma181/PET demographics can be observed in
Table 2, plasma231/PET in Table 3 and finally pTau231/
/PET- Plasma-/PET+ Plasma+/PET+ P value

20 52

<0.001

7 5

10 21

3 26

6 71.5 § 5.9 66.4 § 10.9 0.021

14 (70) 27 (52) 0.560

6 14.2 § 3.1 14.9 § 3.7 0.615

.7 11.1 § 2.1 25.9 § 9.1 <0.001

.8 18.4 § 8.4 27.9 § 9.4 <0.001

1.8 § 0.6 2.4 § 0.9 <0.001

3.3 § 0.4 3.0 § 0.4 <0.001

20 50 <0.001

9 (45) 20 (40)

10 (50) 22 (44)

1 (5) 8 (16)

14 25 <0.001

.5 86.4 § 44.1 117.1 § 62.1

ral meta-ROI SUVR.

www.thelancet.com Vol 76 Month , 2022



Plasma-/PET- Plasma+/PET- Plasma-/PET+ Plasma+/PET+ P value

Number of individuals 132 50 16 56

Diagnosis <0.001

CU 109 41 4 8

MCI 21 8 8 23

AD 2 1 4 25

Age (mean § sd) 68.6 § 10.6 72.2 § 8.3 68.9 § 7.4 67.5 § 10.7 0.094

Sex (Female (%)) 77 (58) 27 (54) 12 (75) 29 (52) 0.389

Education (mean § sd) 15.5 § 4.0 14.6 § 3.4 13.9 § 3.4 14.9 § 3.5 0.276

Plasma pTau231 pg/mL (mean § sd) 11.0 § 4.1 23.9 § 8.8 13.4 § 3.7 28.6 § 8.7 <0.001

Plasma pTau181 pg/mL (mean § sd) 10.1 § 6.6 15.0 § 9.3 16.6 § 8.4 23.3 § 10.3 <0.001

Temporal meta-ROI SUVR 1.1 § 0.1 1.1 § 0.1 1.8 § 0.6 2.3 § 0.9 <0.001

Hippocampal Volume (mean§sd) 3.5 § 0.4 3.4 § 0.4 3.2 § 0.4 3.0 § 0.5 <0.001

APOEe4 (data available) 127 48 15 55 <0.001

0 98 (77) 33 (69) 6 (40) 23 (42)

1 28 (22) 14 (29) 5 (33) 27 (49)

2 1 (1) 1 (2) 4 (27) 5 (9)

CSF pTau181 pg/mL (data available) 59 31 9 30 <0.001

(mean § sd) 35.3 § 11.4 50.7 § 18.6 88.6 § 45.2 111.3 § 60.5 <0.001

Table 3: Demographics of groups based on Plasma pTau231 and temporal meta-ROI SUVR.

Plasma231-/181- Plasma231+/181- Plasma231-/181+ Plasma231+/181+ P value

Number of individuals 130 46 18 60

Diagnosis <0.001

CU 103 34 10 15

MCI 25 10 4 21

AD 2 2 4 24

Age (mean § sd) 68.7 § 10.3 70.7 § 8.6 67.8 § 10.5 68.9 § 10.8 0.657

Sex (Female (%)) 78 (60) 26 (57) 11 (61) 30 (50) 0.614

Education (mean § sd) 15.3 § 4.1 14.3 § 3.4 15.3 § 3.0 15.1 § 3.5 0.509

Plasma pTau181 pg/mL (mean § sd) 9.0 § 2.8 11.0 § 2.2 23.7 § 13.1 25.8 § 10.1 <0.001

Plasma pTau231 pg/mL (mean § sd) 11.0 § 4.1 22.9 § 6.2 12.9 § 4.2 29.1 § 9.9 <0.001

Temporal meta-ROI SUVR 1.1 § 0.2 1.3 § 0.5 1.4 § 0.6 2.1 § 1.0 <0.001

Hippocampal Volume (mean§sd) 3.5 § 0.4 3.4 § 0.4 3.3 § 0.4 3.0 § 0.4 <0.001

APOEe4 (data available) 126 45 16 58 <0.001

0 93 (74) 29 (64) 11 (69) 27 (47)

1 31 (25) 16 (36) 2 (1) 25 (43)

2 2 (2) 0 (0) 3 (2) 5 (10)

CSF pTau181 pg/mL (data available) 59 33 9 28 <0.001

(mean § sd) 39.0 § 18.4 61.6 § 35.6 64.8 § 45.2 102.9 § 62.7

Table 4: Demographics of groups based on Plasma pTau231 and Plasma pTau181.
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181 in Table 4. In all analyses, we observed significant
differences in diagnostic groups regarding plasma
pTau181 and pTau231 levels, temporal meta-ROI SUVR,
hippocampal volume, APOEe4 presence, and CSF
pTau181, while no significant differences in age, sex or
years of education.

Significant correlations were observed between [18F]
MK6240 SUVR in the temporal meta-ROI and plasma
pTau181 (R = 0.48, p < 0.001[Spearman correlation])
(Figure 1a), and pTau231 (R = 0.49, p < 0.001 [Spear-
man correlation]) (Figure 1b), as well as between plasma
www.thelancet.com Vol 76 Month , 2022
pTau231 and pTau181 (R = 0.60, p < 0.001 [Spearman
correlation]) (Figure 1c).

For 82% of individuals, the plasma181 and tau-PET
assessment methods were in agreement with respect to
their tau status. Among the cases where there was a dis-
cordance, plasma181+/PET- was observed more fre-
quently. Looking more closely at the plasma181-/PET+
individuals, we observed the majority were cognitively
impaired (CI), i.e., MCI or AD. In the plasma231/PET
plot, 76% of the individuals were also concordant in
terms of their tau status. Additionally, 20% were
5



Figure 1. Correlation plots (n = 254). a. Correlation between plasma pTau181 and [18F]MK6240 temporal meta-ROI SUVR (R = 0.48,
p < 0.001), stratified by status and diagnosis. b. Correlation between plasma pTau231 and [18F]MK6240 temporal meta-ROI SUVR
(R = 0.49, p < 0.001) stratified by status and diagnosis. c. Correlation between plasma pTau231 and pTau181 (R = 0.60, p < 0.001)
stratified by status and diagnosis.
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considered plasma231+/PET-; with a high proportion of
CU individuals. The plasma231-/PET+ group was in turn
comprised of a high number of CI participants. In 75% of
cases, both plasma pTau231 and pTau181 produced concor-
dant estimates of tau status. Among the discordant results,
the proportion of pTau231+/pTau181- was larger than the
proportion of pTau231-/pTau181+; the latter was mainly
composed of CI individuals.
Demographics in relation to tau statuses
We first investigated the distribution of diagnostic groups
in relation to tau statuses. Plasma181/PET analyses
(Figure 2a) revealed that 83% of plasma181-/PET- were CU
individuals, while 90% of plasma181+/PET+ were CI.
However, we observed that some MCI individuals were
considered negative to both tau biomarkers (42% of MCI),
and some CU were positive to plasma pTau181 and tau-
PET (3% of CU). Among the individuals with tau status
discordance, 77% of plasma181+/PET- were CU, while
65% of plasma181-/PET+ were CI. Plasma231/PET analy-
ses showed a similar pattern (Figure 2b) in which 83% of
plasma231-/PET- were CU and 86% of plasma231+/PET+
were CI. Nonetheless, in the plasma231-/PET- group, 2%
of individuals were AD and 16% MCI, while in the
plasma231+/PET+, 14% were CU. Among discordant tau
status groups, 82% of plasma231+/PET- individuals were
CU with the remaining 16% being MCI and 2% being
AD. Finally, 75% of the plasma231-/PET+ group was CI
(50% MCI and 25% AD). Plasma pTau231/pTau181 analy-
ses also showed a pattern (Figure 2c) in which 75%
obtained concordance in their tau status, and the highest
proportion of discrepant individuals was in the pTau231
+/pTau181-. In this group, 74% were CU; while they were
56% in pTau231-/pTau181+.

When combining diagnosis and Ab status, we
observed that majority of plasma181-/PET- individuals
were CU-Ab- (68%), the remaining being CU-Ab+
(15%), MCI (Ab- (11%), Ab+ (5%)) and AD-Ab+ (1%)
(Figure 2d). Plasma181+/PET+ individuals were mainly
composed of CI individuals showing Ab positivity (2%
MCI-Ab-, 41% MCI-Ab+, 47% AD-Ab+). Among the
plasma181/PET groups (Figure 2d), the one with the
biggest proportion of CU-Ab+ individuals was
plasma181+/PET-; it is also important to note that the
CU-Ab+ group was often positive for at least one tau
biomarker. Finally, cognitive impairment was usually
accompanied by tau-PET positivity (plasma181-/PET+).
Regarding plasma231/PET statuses, 76% of
plasma231-/PET- individuals were CU-Ab- (Figure 2e).
One AD-Ab+ individual was considered plasma231-/
PET-. We observed a high proportion of CI-Ab+ individ-
uals in the plasma231+/PET+ analyses (42% MCI-Ab+
and 42% AD-Ab+). Among the individuals with discrep-
ant tau results, CU-Ab+ were often part of the
plasma231+/PET- group. Additionally, CI individuals
categorized as plasma231+/PET- were 16% MCI (12%
Ab-, 4% Ab+) and 2% AD-Ab+. 75% of the plasma231-/
PET+ group were CI individuals (50% MCI-Ab+, 25%
AD-Ab+). In terms of plasma comparisons, we observed
that plasma pTau231-/pTau181- individuals were mainly
CU-Ab- (71%), with some CU-Ab+ (8%), and a small
proportion of MCI (10% Ab-, 9% Ab+) and AD-Ab+
(2%). Conversely, 74% of the pTau231+/pTau181+ par-
ticipants were categorized as CI (5% MCI-Ab-, 32%
MCI-Ab+, 38% AD-Ab+) (Figure 2f). In the pTau231
+/pTau181- group, we mainly observed Ab+ individuals
(37% CU-Ab+, 13% MCI-Ab+). Lastly, the pTau231-/
pTau181+ group had a high proportion of CI individu-
als, showing Ab positivity (24% MCI-Ab+ and 18% AD-
Ab+). In all three analyses, when presenting cognitive
impairment and/or Ab positivity, individuals had a ten-
dency to be positive to at least one tau-biomarker. A
table summarizing all the percentage of diagnosis and
diagnosis combined with Ab status can be found in the
supplementary material (Supplementary Table 3).
www.thelancet.com Vol 76 Month , 2022



Figure 2. Demographic information in relation to plasma/PET statuses (n = 254). a. Diagnosis in plasma181/PET b. Diagnosis
in plasma231/PET c. Diagnosis in plasma pTau231/pTau181 d. Diagnosis and Ab status in plasma181/PET e. Diagnosis and
Ab status in plasma231/PET f. Diagnosis and Ab status in plasma pTau231/pTau181 g. APOEe4 status in plasma181/PET and
h. APOEe4 status in plasma231/PET. i. APOEe4 status in plasma pTau231/pTau181.

Articles
APOE genotype was assessed in a subgroup of 245
individuals. The plasma181/PET analyses showed an
incremental relationship in the proportion of APOEe4
www.thelancet.com Vol 76 Month , 2022
carriers, heterozygous or homozygous (Figure 2g).
Indeed, 25% of plasma181-/PET- carried at least one
APOEe4 allele, as compared to 60% of plasma181
7
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+/PET+. APOEe4 status followed tau-PET positivity
more closely than plasma positivity, with 55% of
plasma181-/PET+ having at least one APOEe4 allele,
and only 25% in the plasma181+/PET- group.
Plasma231/PET analyses revealed that plasma231-/PET-
had a low proportion (77%) and plasma231+/PET+ had
a high proportion (58%) of APOEe4 carriers
(Figure 2h). APOEe4 status, in this case too, seemed to
correlate with tau-PET positivity closely, with 60% of
plasma231-/PET+ and 58% of plasma231+/PET+ being
APOEe4 carriers. Finally, in the plasma pTau231/
pTau181 analyses, concordant negative individuals were
mainly not APOEe4 carriers (74%), while concordant
negative were mainly APOEe4 carriers (53%)
(Figure 2i). The discordant groups had a slightly high
proportion of APOEe4 carriers: 36% in pTau231
+/pTau181- and 31% in pTau231-/pTau181+.
AD biomarkers in relation to tau statuses
We first examined the Ab status distribution in the dif-
ferent tau-assessment groups, based on [18F]AZD4694
SUVR.13 We observed that 80% of plasma181-/PET-
were Ab-, while 96% of plasma181+/PET+ were Ab+
(Figure 3a). Among the cases with a single positive tau
biomarker (plasma181+/PET- and plasma181-/PET+),
we observed a high percentage of Ab+ individuals (48%
for plasma181+/PET- and 90% for plasma181-/PET+),
as compared to the plasma181-/PET- group. Similarly,
in the plasma231/PET analyses, we observed a high pro-
portion of Ab- individuals in the plasma231-/PET-
(87%), and Ab+ individuals in the plasma231+/PET+
(94%) (Figure 3b). Individuals with discrepant tau sta-
tuses had a 50% risk of being Ab+ for plasma231+/PET-
, and 94% in the plasma231-/PET+. In both plasma/
PET analyses, PET+ individuals had a significantly
higher risk of being Ab+, independently of the plasma
status. Finally, 82% of the pTau231-/pTau181- were also
categorized as Ab- (Figure 3c). Comparatively, 88% of
the pTau231+/pTau181+ were Ab+. The groups showing
discrepancy in terms of tau statuses had similar results,
meaning 54% of the pTau231+/pTau181- and 53% of the
pTau231-/pTau181+ had a positive Ab status.

We compared the [18F]AZD4694 global SUVR levels
in each group. Plasma181/PET (Figure 3d) and
plasma231/PET (Figure 3e) analyses revealed significant
differences in [18F]AZD4694 SUVR among all the
groups, except between the plasma-/PET+ and plasma
+/PET+ groups. The pTau231/pTau181 analyses
revealed that there were significant differences among
all groups, except when individuals had discrepant tau
results (Figure 3f).

We then investigated hippocampal volume results in
each group. Plasma181/PET analyses revealed signifi-
cant differences among all groups, except between the
discrepant groups (plasma181+/PET- and plasma181-/
PET+) (Figure 3g). Similarly, plasma231/PET showed
significant differences between groups, except for
plasma231+/PET- and plasma231-/PET+ as well as
plasma231-/PET+ and plasma231+/PET+ (Figure 3h). In
the case of pTau231/pTau181, the groups not presenting
a statistically significant difference were pTau231-/
pTau181- and pTau231+/pTau181- as well as pTau231
+/pTau181- and pTau231-/pTau181+ (Figure 3i).

Finally, a subgroup of 129 individuals underwent
CSF pTau181 assessment, among which 79 CU, 34 MCI
and 16 AD. Among the plasma181/PET analyses, we did
not obtain significant differences between plasma181-/
PET- and plasma181+/PET- as well as plasma181-/PET+
and plasma181+/PET+ (Figure 3j). The remaining group
comparisons had significant differences. Plasma231/
PET revealed significant differences among all groups
except between plasma231-/PET+ and plasma231+/PET
+ (Figure 3k). Lastly, in the pTau231/pTau181 analyses,
we discovered statistically significant difference between
pTau231-/pTau181- and pTau231-/pTau181+ as well as
pTau231+/pTau181- and pTau231-/pTau181+ (Figure 3l).
In the remaining group comparisons, we obtained stati-
cally significant differences.
Discussion
The current study sought to compare the concordance
and discordance of plasma pTau181, pTau231 and [18F]
MK6240 SUVR positivity in a well-characterized cohort
study of aging and AD. In all cases, the rates of concor-
dance were higher than the rates of discordance. The
highest rate of concordance was between plasma
pTau181 and tau-PET. Discrepant groups differed
between the plasma181/PET, plasma231/PET and
pTau231/pTau181 statuses, suggesting plasma pTau231,
plasma pTau181 and tau-PET abnormality reflect differ-
ent stages of tau pathology progression. Positivity for
one tau biomarker was often accompanied by cognitive
impairment, Ab-PET positivity status, and elevated hip-
pocampal atrophy and CSF pTau181 levels, as well as
higher risk of carrying at least one APOEe4 allele.

Previous work on CSF revealed that, among the
groups presenting discrepant tau results, CSF pTau
abnormality was more common than tau-PET abnor-
mality.10 Moreover, other studies reported that CSF
pTau epitopes seemed to appear at different stages of
the disease.23,24 We found a similar pattern for plasma
pTau181 and pTau231. Differences observed in the sta-
tuses of plasma pTau231, pTau181 and tau-PET suggest
distinct stages of tau continuum. In both plasma/PET
analyses, the plasma-/PET+ group was the smallest,
and individuals often had cognitive impairment. Plasma
pTau231 and pTau181 are known to be specific to AD,3,7

while tau-PET can also be observed in other tauopa-
thies.25 However, most CI individuals in the plasma-/
PET+ groups were categorized as Ab+, one of the core
characteristics of AD,1 suggesting they are also on the
AD spectrum. Additionally, plasma+/PET- individuals
www.thelancet.com Vol 76 Month , 2022



Figure 3. Alzheimer’s disease biomarkers in relation to plasma/PET statuses (n = 254). a. Ab status in plasma181/PET b. Ab status in
plasma231/PET c. Ab status in plasma pTau231/pTau181. d. [18F]AZD4694 global SUVR in plasma181/PET e. [18F]AZD4694 global
SUVR in plasma231/PET f. [18F]AZD4694 global SUVR in plasma pTau231/pTau181 g. Hippocampal volume in plasma181/PET h. Hip-
pocampal volume in plasma231/PET i. Hippocampal volume in plasma pTau231/pTau181 j. CSF pTau181 levels in plasma181/PET k.
CSF pTau181 levels in plasma231/PET l. CSF pTau181 levels in plasma pTau231/pTau181.
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were mostly cognitively unimpaired individuals, some
presenting a positive Ab status. We observed a higher
proportion of discordant individuals in the plasma231/
PET analyses, as compared to plasma181/PET. Specifi-
cally, there were more plasma231+/PET- individuals, as
compared to plasma181+/PET- individuals. Finally,
there was some discordance among the plasma epito-
pes. Plasma pTau231+/pTau181- group was more com-
mon as compared to pTau231-/pTau181+. The first
group showed Ab positivity, when the latter individuals
usually presented cognitive impairment accompanied
by Ab positivity. When combining both plasma bio-
markers, we observed a high rate of pathological as well
as cognitive signs of AD. This suggests that even plasma
pTau181 and pTau231 reflect different stages of tau con-
tinuum, potentially extending species-specific phos-
phorylation differences in CSF.24 Using plasma pTau,
our study extends recent CSF biomarker modeling stud-
ies which provide evidence that CSF pTau231 abnormal-
ity precedes CSF pTau181 abnormality.23,26 This follows
the framework in which plasma biomarkers are early
detectors of AD pathology.11 Tau-PET has been proven
effective in providing information regarding the risk of
clinical deterioration in the following months.27 Having
a blood-based assessment giving a strong predictive
value of tau-PET status would be critical for both clinical
trials and diagnostic settings.28

Individuals negative to all tau assessment methods,
plasma pTau181, pTau231 and tau-PET were mainly
CU-Ab-, not APOEe4 carriers, with low levels of [18F]
AZD4694 global SUVR, hippocampal atrophy and CSF
pTau181. Conversely, when individuals were positively
concordant in all tau assessment methods, they were
often MCI-Ab+ or AD-Ab+, with at least one APOEe4
allele, and high levels of [18F]AZD4694 global SUVR,
hippocampal atrophy and CSF pTau181. The majority of
plasma (231 or 181)+/PET- individuals are either CU-Ab
+ and CI-Ab+ individuals, which might reflect early
stages of the disease. In these cases, tau levels assessed
via [18F]MK6240 PET may be below the threshold for
positivity. Interestingly, plasma pTau231 positivity,
more common than plasma pTau181 positivity, was
often observed in individuals categorized as CU-Ab+.

It has been proposed that plasma pTau1813 and
pTau2317 are predictors of AD dementia, and differenti-
ate it from other types of dementia. Conversely, tau-PET
is thought to bind to neurofibrillary tangles in the brain.
The discordancy may thus result from the difference
between the methods, rather than being truly discor-
dant.

Presence of at least one APOEe4 allele is a known
risk factor for developing AD.29 Even though research
mostly linked it to the presence of Ab, recent studies
focused on its relationship with tau. It has been demon-
strated that APOEe4 acts on several mechanisms,
including decreasing the clearance of Ab in the brain,
thus leading to higher brain levels of Ab as well as
tau.30 In both plasma/PET analyses, we observed that
APOEe4 presence closely correlated with tau-PET posi-
tivity, as having at least one APOEe4 was associated
with more than a 50% chance of being tau-PET positive.
Concerning the pTau231/pTau181 analyses, the concor-
dant negative and discordant groups had similar results,
revealing they had around a 25% risk of having at least
one APOEe4. However, more than 50% of the individu-
als in the pTau231+/pTau181+ group had at least one
APOEe4.

We also investigated the relationship between the
plasma231 and plasma181/PET and pTau231/pTau181
groups with established AD biomarkers. Plasma bio-
markers, in combination with clinical and demographic
information, have been proposed to help in the detec-
tion of Ab positivity.31 Our study corroborates this idea,
demonstrating that positivity to one tau biomarker cor-
relates with a higher risk of being Ab positive. Other
studies already presented the strong relationship
between Ab and the three biomarkers independently.3,7

Individuals that obtained a concordant positive tau sta-
tus for all assessment methods were almost exclusively
Ab positive, while individuals with concordant negative
tau were almost exclusively Ab negative. Accepted bio-
marker models of AD propose that Ab accumulation
arises before the presence of tau aggregates,32 and is
thus considered an early marker of the disease. The
results of both plasma/PET analyses were similar; when
individuals were positive to plasma pTau, there was a
50% risk of Ab positivity, even when obtaining a nega-
tive tau-PET. However, when they were tau-PET posi-
tive, the risk of being Ab+ increased dramatically,
irrespective of the plasma (231 or 181) status. PTau231/
pTau181 analyses revealed that participants had a 50%
risk of being Ab+ when positive to either plasma pTau
biomarker. However, combining both results led to an
almost certain positive Ab status. This leads to the
hypothesis that tau-PET or the combination of two
plasma epitopes, rather than one of pTau231 or
pTau181, are great predictors of Ab status.

When conducting analyses using [18F]AZD4694
global SUVR, we observed that there were no significant
differences between the plasma-/PET+ and plasma
+/PET+ groups, either using plasma181/PET or
plasma231/PET. All other groups had a statistically sig-
nificant different [18F]AZD4694 SUVR. We noticed a
strong variability in the discrepant groups, emphasizing
the idea that some individuals might not be on the AD
spectrum, while others could be at early disease stages,
with a certain build-up of pathology without cognitive
impairment.33,34 Regarding pTau231/181, we observed
no significant difference between the discrepant groups.
This might be due to the high variability of the pTau lev-
els. We can further hypothesize that combining both
biomarkers could be critical in predicting the levels of
cortical Ab, hence be used to predict the advancement
of AD pathology.35
www.thelancet.com Vol 76 Month , 2022
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We observed that PET status was the best predictor
of hippocampal atrophy as all tau-PET+ individuals had
low levels of hippocampal volume. It is also important
to note that positivity to at least one tau biomarker was
related to higher rates of hippocampal atrophy, how-
ever, we seemed to obtain similar results when using
either pTau231 or 181 combined with tau-PET. Analyses
conducted on the comparison between plasma pTau
epitopes yet revealed that pTau181 positivity was more
closely related to hippocampal atrophy than pTau231.
This corroborates the framework in which pTau181
appears at later stages of the disease, when hippocampal
atrophy is more prominent.22

For the established AD biomarker CSF pTau181,
rates of concordance and discordance differed widely
between analyses. It is important to note that not all par-
ticipants of the TRIAD cohort underwent a lumbar
puncture, lowering the number of individuals in the
above results. Plasma biomarkers are thought to closely
follow CSF biomarkers in the progress of the disease.11

Our study adds to the research framework in which
CSF levels of pTau181 are accompanied by abnormal
levels of plasma pTau, either 181 or 231, tau-PET, or
both, and might reach a plateau at a later disease stage.
Again, it seems that the combination of both plasma
biomarkers, or tau-PET, was a better predictor of high
CSF pTau181 levels.

Importantly, biomarkers assessed in the plasma have
crossed the blood-brain barrier (BBB), they are thus at
low concentrations as compared to measures in the
brain.36 It has been suggested that the BBB is compro-
mised in aging and disease progression,37 leading to an
increasing concentration of brain proteins in the plasma
as the disease advances. Plasma biomarkers are also
known to have a broad coefficient of variation, and may
present higher false positive rates, as compared to the
more direct assessment of cerebral tau pathology using
PET. Plasma assays are a proxy of cortical tau, and do
not represent exactly the same components of tau accu-
mulation process as assessed with tau-PET. Moreover,
we also focused here on specific phosphorylated sites
(i.e. pTau181 and pTau231). Those phosphorylated sites
are already thought to appear at different stages of
Alzheimer’s disease.24 Conversely tau-PET assesses
neurofibrillary tangles load in the brain,17 leading to
a more direct measure of cortical tau. Because there
is this inherent difference, and because similar
results were observed when studying the differences
between of CSF and tau-PET statuses,10 we do not
expect a perfect concordance between tau statuses.
Additionally, in our study, ROC curves were con-
ducted based on clinical diagnosis defined through
clinical testing. Clinical diagnosis does not perfectly
reflect Ab and tau pathologies at the individual-level.
Indeed, recent research showed there is not always a
full accordance between the biologically-defined and
the clinically-defined AD diagnosis.19
www.thelancet.com Vol 76 Month , 2022
As new AD therapeutic methods are focusing on
Ab aggregates, we wondered to which degree plasma
pTau markers could predict Ab-PET status. AUC
were considered acceptable in discriminating individ-
uals based on Ab status. As Ab is known to accumu-
late years before the onset of clinical symptoms, and
appears before tau accumulation,1 we expected a
strong correlation.

We decided to use here CUY as the reference group
to calculate the cut-off values for plasma biomarkers.
Brain accumulation of the AD hallmarks is known to be
continuous, and CU elderlies tend to show pathology
even without cognitive impairment.21 When using the
CU elderlies as the control group, the cut-off was the
same for plasma pTau181. For plasma pTau231, we
obtained a higher cut-off, however, it did not impact the
results observed in this study.

We compared the relationship between tau phos-
pho-forms and as well as their relation to tau-PET
status. Even though most individuals had concordant
statuses in tau assessment methods, discordant cases
were also observed. Analyses comparing plasma231/
PET, plasma181/PET and pTau231/pTau181 led to
the idea that plasma pTau231, pTau181, and [18F]
MK6240 tau-PET reflect distinct aspects of tau accu-
mulation. Our results corroborate a study conducted
using CSF pTau epitopes; in autosomal dominant
AD, hyperphosphorylation of tau occurred early and
exhibited a pattern of site-specific changes at differ-
ent stages of the disease.23,24,38 Longitudinal studies
are needed to confirm the ordering of plasma
pTau231, pTau181 and tau-PET abnormality. This is
potentially useful in clinical trials, in which a plasma
test could provide information on the tau pathology
stage, rather than using CSF or PET, which are
costly and invasive.

The principal strength of the study is the use of a
well-characterized cohort of individuals, that under-
went gold standard procedures of PET assessment for
amyloid-b and tau. Plasma assessments for pTau epit-
opes also used the most advanced methodologies.3,7

However, a limitation of our study is the lack of longi-
tudinal measures, which would assess the disease bio-
marker trajectory. We could also investigate whether
individuals that are positive to one biomarker are
more prone to be positive to another one later on, as
well as convert to dementia. This could be observed
either in individuals that obtained discrepant the
plasma/PET results and even between the plasma bio-
markers. Moreover, it is important to note that the
TRIAD cohort is comprised of a sample of individuals
willing to participate in dementia research, thus
involving recruitment and sampling biases. Nonethe-
less, the results show that plasma/PET and pTau231/
181 groups correlate well with demographic and clini-
cal information, as well as established biomarkers of
AD.
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Novel plasma biomarkers and tau-PET measures
reflect different stages of tau pathological progression.
Even though most measures have concordant statuses,
it is thought that plasma biomarkers come at earlier
stages of the disease. Positivity to one biomarker is often
accompanied by cognitive impairment, presence of Ab,
higher levels of CSF pTau181, as well as higher risk of
having at least one APOEe4.
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