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IMPORTANCE Plasma phosphorylated tau at threonine 181 (p-tau181) has been proposed as an
easily accessible biomarker for the detection of Alzheimer disease (AD) pathology, but its
ability to monitor disease progression in AD remains unclear.

OBJECTIVE To study the potential of longitudinal plasma p-tau181 measures for assessing
neurodegeneration progression and cognitive decline in AD in comparison to plasma
neurofilament light chain (NfL), a disease-nonspecific marker of neuronal injury.

DESIGN, SETTING, AND PARTICIPANTS This longitudinal cohort study included data from the
Alzheimer’s Disease Neuroimaging Initiative from February 1, 2007, to June 6, 2016.
Follow-up blood sampling was performed for up to 8 years. Plasma p-tau181 measurements
were performed in 2020. This was a multicentric observational study of 1113 participants,
including cognitively unimpaired participants as well as patients with cognitive impairment
(mild cognitive impairment and AD dementia). Participants were eligible for inclusion if they
had available plasma p-tau181 and NfL measurements and at least 1 fluorine-18–labeled
fluorodeoxyglucose (FDG) positron emission tomography (PET) or structural magnetic
resonance imaging scan performed at the same study visit. Exclusion criteria included any
significant neurologic disorder other than suspected AD; presence of infection, infarction, or
multiple lacunes as detected by magnetic resonance imaging; and any significant systemic
condition that could lead to difficulty complying with the protocol.

EXPOSURES Plasma p-tau181 and NfL measured with single-molecule array technology.

MAIN OUTCOMES AND MEASURES Longitudinal imaging markers of neurodegeneration (FDG
PET and structural magnetic resonance imaging) and cognitive test scores (Preclinical
Alzheimer Cognitive Composite and Alzheimer Disease Assessment Scale–Cognitive Subscale
with 13 tasks). Data were analyzed from June 20 to August 15, 2020.

RESULTS Of the 1113 participants (mean [SD] age, 74.0 [7.6] years; 600 men [53.9%]; 992
non-Hispanic White participants [89.1%]), a total of 378 individuals (34.0%) were cognitively
unimpaired (CU) and 735 participants (66.0%) were cognitively impaired (CImp). Of the
CImp group, 537 (73.1%) had mild cognitive impairment, and 198 (26.9%) had AD dementia.
Longitudinal changes of plasma p-tau181 were associated with cognitive decline (CU:
r = –0.24, P < .001; CImp: r = 0.34, P < .001) and a prospective decrease in glucose
metabolism (CU: r = –0.05, P = .48; CImp: r = –0.27, P < .001) and gray matter volume (CU:
r = –0.19, P < .001; CImp: r = –0.31, P < .001) in highly AD-characteristic brain regions. These
associations were restricted to amyloid-β–positive individuals. Both plasma p-tau181 and NfL
were independently associated with cognition and neurodegeneration in brain regions
typically affected in AD. However, NfL was also associated with neurodegeneration in brain
regions exceeding this AD-typical spatial pattern in amyloid-β–negative participants.
Mediation analyses found that approximately 25% to 45% of plasma p-tau181 outcomes on
cognition measures were mediated by the neuroimaging-derived markers of
neurodegeneration, suggesting links between plasma p-tau181 and cognition independent of
these measures.

CONCLUSIONS AND RELEVANCE Study findings suggest that plasma p-tau181 was an accessible
and scalable marker for predicting and monitoring neurodegeneration and cognitive decline
and was, unlike plasma NfL, AD specific. The study findings suggest implications for the use
of plasma biomarkers as measures to monitor AD progression in clinical practice and
treatment trials.
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A lzheimer disease (AD) is a neurodegenerative disor-
der characterized by the accumulation of amyloid-β
(Aβ) plaques and neurofibrillary tangles of hyperphos-

phorylated tau in the brain.1 These neuropathologic changes
are believed to take part in a cascade of events that result in a
characteristic neurodegeneration pattern followed by progres-
sive cognitive impairment.2 Tracking neurodegenerative
changes in vivo is important for monitoring AD progression.
Current positron emission tomography (PET) and cerebrospi-
nal fluid biomarkers enable the detection of Aβ and tau
pathology,3-6 but the generalized use of these biomarkers is cur-
rently limited by their costs, availability, and invasiveness.

Recent evidence suggests that blood-based biomarkers
might be useful to detect AD pathology,7-19 potentially pro-
moting the widespread use of biomarkers in the diagnostic
workup of AD and clinical trial screening. Among candidate
disease-specific biomarkers in blood, plasma phosphory-
lated tau at threonine 181 (p-tau181) has shown promise as a
marker of disease status.7,9-12,19 However, the potential of
plasma p-tau181 as a marker of disease progression remains
largely unexplored. Specifically, it remains unclear (1) how
baseline and longitudinal plasma p-tau181 is associated with
progressive AD-specific neurodegeneration; (2) whether
plasma p-tau181 provides complementary information to non–
disease-specific plasma biomarkers of neurodegeneration, such
as neurofilament light chain (NfL)20-22; and (3) how imaging
neurodegeneration markers mediate the association be-
tween plasma p-tau181 and cognitive decline.

In this study, we hypothesized that both baseline and lon-
gitudinal plasma p-tau181 levels associate with progressive AD-
related neurodegeneration, which may mediate the associa-
tions between p-tau181 and cognitive decline. To test this
hypothesis, we investigated longitudinal associations be-
tween plasma p-tau181 and established imaging markers of re-
gional neurodegeneration on fluorine 18–labeled [18F]fluoro-
deoxyglucose (FDG) PET and structural magnetic resonance
imaging (MRI), as well as relationships with cognitive perfor-
mance, in more than 1000 individuals from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI). In addition, we ex-
plored whether plasma p-tau181 provides complementary in-
formation to plasma NfL in forecasting and tracking AD-
related neurodegeneration and cognitive decline.

Methods
Study Design
Data used in this cohort study were obtained from the ADNI
database23 from February 1, 2007, to June 6, 2016 (eMethods
in Supplement 1). In this study, we included all cognitively un-
impaired (CU) and cognitively impaired (CImp) participants,
including those with mild cognitive impairment and AD de-
mentia, from the ADNI Grand Opportunity/ADNI2 study with
available plasma p-tau181 and NfL data and at least 1 FDG PET
scan or structural T1 MRI performed at the same study visit
(n = 1113). In addition, 1048 participants of the study sample
(94%) also underwent PET imaging with the Aβ-sensitive tracer
[18F]florbetapir. Demographic characteristics of study partici-

pants are presented in the Table. Further details of baseline
and follow-up assessments are provided in the eMethods in
Supplement 1. Inclusion criteria for the different diagnostic cat-
egories in the ADNI cohort have been described previously.24

All participants provided written informed consent approved
by the institutional review board of each ADNI participating
institution. This study followed the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
reporting guideline.

Blood Biomarkers
Blood sampling and processing were carried out in accor-
dance with the ADNI protocol25 and analyzed at the Clinical
Neurochemistry Laboratory, University of Gothenburg in
Mölndal, Sweden. Plasma p-tau181 concentration was mea-
sured using a novel assay developed in-house on the single-
molecule array HD-X (Simoa; Quanterix Corporation) instru-
ment, as described previously.11 Plasma NfL concentration was
also measured using Simoa, as previously described.26 All blood
samples were analyzed in a single batch for each measure.27

We identified 4 outliers for plasma p-tau181 values and 1 for
NfL (0.4%), which were excluded from subsequent analyses
(eFigure 1 in Supplement 1).

Neuroimaging
Acquisition protocols and preprocessing steps in ADNI for FDG
PET and structural MRI are described in detail elsewhere28,29

and have been summarized in the eMethods in Supple-
ment 1. Our in-house processing pipeline for FDG PET and
structural MRI, as well as details of the methods for voxel-
wise and region-of-interest (ROI) analyses, are also detailed in
the eMethods in Supplement 1. With FDG PET, we measured
AD-typical glucose hypometabolism as the average standard-
ized uptake value ratio (SUVR), using the pons as the refer-
ence region,30 in a previously defined Meta-ROI in Montreal
Neurological Institute space31 that recapitulates regions of typi-
cal hypometabolism (angular gyrus, posterior cingulate, and
inferior temporal gyrus) in AD. Structural T1-weighted MRI

Key Points
Question What is the potential of blood-based biomarkers for
predicting and monitoring the progression of Alzheimer disease
neurodegeneration?

Findings In this cohort study that included 1113 participants from
the multicentric Alzheimer’s Disease Neuroimaging Initiative
study, baseline and longitudinal increases of tau phosphorylated at
threonine 181 (p-tau181) in blood plasma were associated with
progressive, longitudinal neurodegeneration in brain regions
characteristic for Alzheimer disease, as well as with cognitive
decline, only among participants with elevated brain amyloid-β.
Neurofilament light chain in plasma, however, was associated with
disease progression independent of amyloid-β and plasma
p-tau181.

Meaning These findings suggest that plasma p-tau181, alone or
combined with plasma neurofilament light chain, can be used as
an accessible, minimally invasive biomarker to track Alzheimer
disease progression.
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scans were used to measure gray matter volume of a previ-
ously defined AD-signature ROI composed of entorhinal, fu-
siform, inferior temporal, and middle temporal cortices.32 We
also analyzed gray matter volume in a hippocampus ROI as an-

other commonly used structural MRI measure of AD-related
neurodegeneration33 (eTable in Supplement 1).

Cognitive Assessments
In CU individuals, global cognitive performance was as-
sessed using a cognitive composite measure specifically de-
signed for detecting early cognitive changes in clinical trials
involving CU individuals with evidence of AD pathology, the
Preclinical Alzheimer Cognitive Composite (PACC),34 adapted
for the available tests in ADNI.35 Lower PACC scores repre-
sent poorer cognitive performance. In CImp participants, the
Alzheimer Disease Assessment Scale–Cognitive Subscale with
13 tasks (ADAS-Cog 13)36 was used to assess cognitive impair-
ment severity. Higher ADAS-Cog 13 scores represent poorer cog-
nitive performance.

Statistical Analysis
Individual rates of change in plasma biomarker levels as well
as in imaging measures (at the voxel and ROI levels) were es-
timated using linear mixed models with participant-specific
intercepts and slopes predicting biomarker levels over time.

We investigated the associations between (1) baseline plasma
biomarker levels and longitudinal change in hypometabolism,
atrophy, and cognition and (2) longitudinal plasma biomarker
changes and longitudinal hypometabolism, atrophy, and cog-
nitive change. Analyses of the associations between baseline
plasma biomarkers and baseline neurodegeneration are pro-
vided in the eAppendix and eFigures 2, 3, 4, 5, 6, and 7 in Supple-
ment 1). For each analysis, the following steps were conducted:
first, we fitted linear regressions separately for CU and CImp in-
dividuals, adjusted for age and sex (as well as field strength and
total intracranial volume for atrophy measures) using voxel or
ROI-level imaging-based neurodegeneration markers as the de-
pendent variable and plasma p-tau181 and NfL, respectively, as
the independent variable. Second, we studied the indepen-
dent contributions of each plasma biomarker to hypometabo-
lism or atrophy in the previously defined AD-specific ROIs. For
this, we used both plasma p-tau181 and NfL as independent vari-
ables in linear models adjusted for the same covariates as de-
scribed previously, and we compared the corresponding stan-
dardized β coefficients by computing 95% CIs derived using a
2000-repetition bootstrap procedure. Effect sizes were com-
puted as partial correlation coefficients (r). These analyses were
repeated substituting neurodegeneration markers as response
variables by cognitive measures and adjusted for age, sex, and
years of education. Additionally, we performed mediation analy-
ses to investigate how imaging neurodegeneration markers in-
fluenced the association between plasma p-tau181 and cogni-
tion. Finally, we investigated how plasma biomarkers correlated
with imaging-based neurodegeneration markers and cognition
among participants stratified by cognitive status (CU or CImp)
and Aβ status (positive, + or negative, −) according to a previ-
ously defined cut point of 1.11 [18F]florbetapir SUVR (using the
whole cerebellum as reference region) for ADNI.37 All statisti-
cal analyses were conducted from June 20 to August 15, 2020,
using MatLab 2018a (The MathWorks Inc). All tests were 2-sided.
Significance level was set at P < .05. No corrections for mul-
tiple comparisons were carried out except for voxelwise analy-

Table. Cohort Characteristicsa

Characteristic

Cognitively
unimpaired
(n = 374)

Cognitively
impaired (n = 734)

Baseline characteristics

Age, mean (SD), y 74.8 (6.6) 73.6 (8)

Sex, men/women, No. 176/198 421/312

Race/ethnicity, non-Hispanic
White, No. (%)

323 (86) 664 (90)

APOE ε4 carriers, No. (%+b) 108 (29) 376 (51)

MCI/AD NA 536/198

Aβ-positive, No. (%) 113 (32)c 441 (65)d

Plasma p-tau181, median
(range), pg/mL

13.3 (0.4 to 72.3) 18.4 (1.2 to 69.6)

Plasma NfL,
median (range), pg/mL

33.3 (8.0 to 169.0) 37.9 (6.4 to 198.5)

Meta-ROI glucose metabolism,
FDG PET SUVR, mean (SD)

1.57 (0.14) 1.47 (0.18)

AD-signature ROI volume,
mean (SD), cm3

31.4 (3.2) 29.8 (4.2)

PACC, mean (SD) 0.0 (2.62) NA

ADAS-Cog 13, mean (SD) NA 19.0 (10.5)

Follow-up characteristics

Plasma p-tau181

Annual change, mean (SD),
pg/mL/y

0.34 (0.39) 0.49 (0.37)

Median follow-up, y 2.1 3.0

Plasma NfL

Annual change, mean (SD),
pg/mL/y

1.9 (1.8) 2.6 (2.5)

Median follow-up, y 2.1 3.0

Meta-ROI glucose metabolism

Annual change,
mean (SD), SUVR/y

−0.016 (0.009) −0.019 (0.014)

Median follow-up, y 2.0 2.0

AD-signature ROI volume

Annual change,
mean (SD), cm3/y

−0.12 (0.11) −0.19 (0.14)

Median follow-up, y 5.0 2.1

PACC

Annual change, mean (SD) −0.20 (0.26) NA

Median follow-up, y 6.0 NA

ADAS-Cog 13

Annual change, mean (SD) NA 1.9 (1.8)

Median follow-up, y NA 4.0

Abbreviations: Aβ, amyloid-β; AD, Alzheimer disease; ADAS-Cog 13, Alzheimer
Disease Assessment Scale–Cognitive Subscale with 13 tasks; APOE,
apolipoprotein E; FDG, fluorine 18–labeled fluorodeoxyglucose; MCI, mild
cognitive impairment; NA, not applicable; NfL, neurofilament light chain;
PACC, Preclinical Alzheimer Cognitive Composite; p-tau181, phosphorylated tau
at threonine 181; PET, positron emission tomography; ROI, region of interest;
SUVR, standardized uptake value ratio.
a The demographic characteristics of the outlier cases are not reported

in this table.
b The %+ indicates the proportion of individuals who carry the APOE ε4 allele.
c Assessed in a subset of 348 participants.
d Assessed in a subset of 695 participants.
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ses, following recommendations from the statistical literature
that discourage the use of such procedures for hypothesis-
driven studies with a limited number of planned comparisons.38

Results
Baseline Plasma P-Tau181 Predicts Longitudinal
Neurodegeneration and Cognitive Decline
Of the 1113 participants (mean [SD] age, 74.0 [7.6] years; 600
men [53.9%]; and 992 non-Hispanic White participants
[89.1%]), a total of 378 individuals (34.0%) were CU and 735
participants (66.0%) were CImp. Of the CImp group, 537 (73.1%)
had mild cognitive impairment, and 198 (26.9%) had AD de-
mentia. We first investigated how baseline plasma p-tau181 lev-
els would predict future neurodegeneration progression.
Higher plasma p-tau181 levels were associated with faster lon-
gitudinal progression of hypometabolism and atrophy among
CImp individuals in AD-vulnerable areas (FDG PET SUVR
change, r = –0.28, P < .001; gray matter volume change: r = –
0.28, P < .001) (Figure 1A and B). eFigure 8 in Supplement 1
shows the typical spatial patterns of glucose hypometabo-
lism and atrophy in AD. Moreover, plasma p-tau181 was asso-
ciated with future atrophy in AD-vulnerable temporoparietal
regions among CU individuals (r = –0.11, P = .03) (Figure 1C).
This finding contrasts with the associations between plasma
NfL and regional progressive atrophy observed in CU individu-
als, which were mainly pronounced in frontal regions and did
not involve the temporal lobe (Figure 1C); eFigure 9 in
Supplement 1 shows the spatial overlap between plasma p-
tau181 and NfL association maps. None of the plasma biomark-
ers were significantly associated with decreasing glucose me-
tabolism in the CU group; however, there was a reduced sample
size with available longitudinal FDG PET scans (approxi-
mately 50% of total patients). Although plasma p-tau181 and
NfL were positively associated (eFigure 10 in Supplement 1),
both plasma biomarkers were independently associated with
progressive AD-typical neurodegeneration with comparable ef-
fect sizes (eFigure 11 in Supplement 1); however, for atrophy
progression in the CImp group, plasma p-tau181 had a statis-
tically significantly stronger association than plasma NfL (βp-

tau181 – βNfL = –0.13; 95% CI, –0.27 to 0.00).
Baseline plasma p-tau181 levels were also associated with

prospective cognitive decline, both in CU (r = −0.12, P = .04) and
in CImp (r = 0.35, P < .001) individuals. In contrast, plasma NfL
was only associated with cognitive decline among CImp indi-
viduals (CU: r = −0.06, P = .30; CImp: r = 0.26, P < .001). In com-
bined models, both plasma markers were independently asso-
ciated with prospective cognitive decline in CImp individuals
(eFigure 12A in Supplement 1). Mediation analyses found that
25% to 45% of baseline plasma p-tau181 association with cog-
nitive decline were mediated by baseline imaging neurodegen-
eration markers (eFigure 12B in Supplement 1).

In Aβ-stratified analyses, plasma p-tau181 was only associ-
ated with hypometabolism and atrophy in AD-typical regions
among Aβ+ CU and Aβ+ CImp participants (FDG PET SUVR
change: Aβ+ CU, r = −0.31, P = .02; Aβ+ CImp, r = −0.26, P < .001;
graymattervolumechange:Aβ+CU,r = −0.28,P = .004;andAβ+

CImp, r = −0.18, P < .001) (Figure 2 and eFigure 13 in Supple-
ment 1). Similarly, plasma p-tau181 was associated with cogni-
tive decline in both Aβ+ CU and Aβ+ CImp participants (Aβ+ CU:
r = −0.33, P < .001; Aβ+ CImp: r = 0.28, P < .001) but not in Aβ−
individuals. In contrast, plasma NfL was associated with pro-
gressive atrophy in the Aβ− groups, mainly involving the dorsal
frontal lobe regions less typically involved in AD (eFigure 14 in
Supplement 1). Plasma NfL was also associated with a decrease
in glucose metabolism and increase in atrophy in AD-
vulnerable regions in Aβ+ participants (FDG PET SUVR change:
Aβ+ CU, r = −0.24, P = .08; Aβ+ CImp, r = −0.23, P = .002; gray
matter volume change: Aβ+ CU, r = −0.23, P = .02; Aβ+ CImp,
r = −0.13, P = .01) (eFigure 15 in Supplement 1). In line with these
results, plasma NfL was also associated with cognitive decline
in Aβ− CImp (r = 0.23, P < .001) and Aβ+ CImp (r = 0.25, P < .001)
participants, but not in any of the CU groups.

Plasma P-Tau181 Changes Parallel Longitudinal
Neurodegeneration and Cognitive Decline
We then investigated whether longitudinal increases of plasma
p-tau181 accompanied longitudinal neurodegeneration in AD-
typical regions. Plasma p-tau181 changes were associated with
a decrease in glucose metabolism and an increase in atrophy
among CImp participants, although significant associations
with progressive neurodegeneration were also found in CU in-
dividuals (FDG PET SUVR change: CImp, r = −0.27, P < .001;
gray matter volume change: CU, r = −0.19, P < .001; CImp,
r = −0.31, P < .001) (Figure 3), particularly with respect to at-
rophy progression. The spatial associations suggested again a
high correspondence with AD-typical neurodegeneration pat-
terns, although in the CU group, the pattern was more diffuse
and also involved frontal areas. Plasma NfL changes were also
significantly associated with progressive neurodegeneration
in AD-typical areas (FDG PET SUVR change: CU, r = −0.20,
P = .008; CImp, r = −0.27, P < .001; gray matter volume change:
CU, r = −0.11, P = .05; CImp, r = −0.26, P < .001); however, the
spatial pattern also involved other frontoparietal regions less
characteristic of AD-typical neurodegeneration (Figure 3A and
B). eFigure 16 in Supplement 1 shows the spatial overlap be-
tween plasma p-tau181 and NfL association maps. In multi-
variable analyses, changes of both plasma biomarkers were in-
dependently associated with progression of imaging-derived
neurodegeneration markers (eFigure 17 in Supplement 1).

Similar to the associations with progressive neurodegen-
eration, longitudinal plasma p-tau181 changes were associ-
ated with prospective cognitive decline in both CU (r = −0.24,
P < .001) and CImp (r = 0.34, P < .001) individuals. Plasma NfL
changes were also associated with cognitive decline in CU
(r = −0.12, P = .04) and CImp (r = 0.30, P < .001) individuals.
However, in a combined model with plasma p-tau181, the as-
sociation in CU individuals was no longer significant for NfL,
whereas in CImp, longitudinal changes of both plasma mark-
ers were independently associated with variations in cogni-
tive decline (CU: p-tau181, β = −0.23; 95% CI, −0.38 to −0.10;
NfL, β = −0.04; 95% CI, −0.22 to 0.12; CImp: p-tau181, β = 0.28;
95% CI, 0.17-0.39; NfL, β = 0.23; 95% CI, 0.10-0.38) (eFig-
ure 18A in Supplement 1). Mediation analyses found that 25%
to 45% of the plasma p-tau181 association with longitudinal
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cognition was mediated by changes in imaging-derived neu-
rodegeneration markers (eFigure 18B in Supplement 1).

The results of analyses stratified by Aβ status suggest that
plasma p-tau181 changed in parallel with neurodegeneration pro-
gression only among Aβ+ participants and in a spatial pattern that
closely corresponds to AD-typical regional neurodegeneration,
asevidencedbybothvoxelwiseandROIanalyses(FDGPETSUVR
change: Aβ+ CImp, r = −0.27, P < .001; gray matter volume

change:Aβ+CU,r = −0.25,P = .02;Aβ+CImp,r = −0.25,P < .001)
(Figure 4; eFigure 19 in Supplement 1). Similarly, plasma p-tau181
changes accompanied cognitive decline in Aβ+ participants (Aβ+
CU: r = −0.30, P = .003; Aβ+ CImp: r = 0.31, P < .001) but not in
Aβ− participants (Aβ− CU:r = −0.14, P = .05; Aβ− CImp:r = −0.01,
P = .92). By contrast, plasma NfL changes paralleled neurodegen-
erative changes also in Aβ− individuals, particularly with respect
to progressive atrophy across widespread cortical areas that also

Figure 1. Associations of Baseline Plasma Phosphorylated Tau at Threonine 181 (P-Tau181) and Neurofilament Light Chain (NfL) With Decreasing
Glucose Metabolism and Increasing Atrophy
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Regression lines displayed in graphs were computed by setting covariates in the
linear model to average group levels (cognitively unimpaired [CU] or cognitively
impaired [CImp]) and categorical variables to the reference (female sex and, for
atrophy measures, 3-T field strength). Age- and sex-adjusted associations of
baseline plasma p-tau181 and NfL with hypometabolism progression are shown
at the voxel (upper row) and Alzheimer disease (AD) meta–region of interest
(ROI) level (bottom row) in cognitively unimpaired (A) and cognitively impaired
(B) individuals. To account for the difference in sample sizes, results of
voxelwise analyses were thresholded on the voxel level at P < .01 (uncorrected)
for the CU group and P < .001 (uncorrected) for CImp. All maps were further
thresholded at the cluster level by restricting to clusters with a number of voxels

higher than the expected number of voxels as predicted using random field
theory. Age- and sex-adjusted associations of baseline plasma p-tau181 and NfL
with atrophy progression are shown at the voxel (upper row) and AD-signature
ROI level (bottom row) in cognitively unimpaired (C) and cognitively impaired
(D) individuals. Results of voxelwise analyses were thresholded at P < .01
(uncorrected) for the CU group and at P < .001 (uncorrected) for CImp. All maps
were further thresholded at P < .05 (familywise error corrected) at the cluster
level. The eTable in Supplement 1 shows ROI analyses using hippocampus
volume. FDG indicates fluorine 18–labeled fluorodeoxyglucose; PET, positron
emission tomography; and SUVR, standardized uptake value ratio.
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covered large parts of the frontal lobe (eFigure 20 in Supple-
ment1).InROIanalyses,plasmaNfLchangeswereassociatedwith
atrophy progression in AD-vulnerable ROIs for both Aβ groups,
butassociationswithhypometabolismprogressionwereonlysig-
nificant for Aβ+ participants (gray matter volume change: Aβ−
CImp, r = −0.29, P < .001; Aβ+ CU, r = −0.25, P = .01; Aβ+ CImp,
r = −0.17,P = .002;FDGPETSUVRchange:Aβ+CU,r = −0.42,P =
.002; and Aβ+ CImp, r = −0.30, P < .001) (eFigures 20 and 21 in
Supplement 1). Similar nonspecific results were observed for cog-
nitive changes: plasma NfL changes were associated with a cog-
nitive decline in CImp Aβ− and Aβ+ participants (Aβ− CImp: r =
0.25, P < .001; Aβ+ CImp: r = 0.26, P < .001) but not in CU Aβ−
(r = −0.13, P = .06) or CU Aβ+ (r = −0.11, P = .30) participants.

Discussion
In this cohort study, we investigated longitudinal associa-
tions of p-tau181 levels in blood with multimodal imaging bio-
markers of regional neurodegeneration and cognition in 1113
ADNI participants covering the entire AD spectrum. Further-
more, we compared this novel AD biomarker with a blood-
based biomarker of neuronal injury, plasma NfL, which is in-
creased in several neurodegenerative disorders and thus not
considered specific for AD.22 Our findings suggest that (1) base-

line plasma p-tau181 levels were associated with cognitive de-
cline as well as with concurrent and prospective neurodegen-
eration in areas typically vulnerable in AD, as measured by
structural MRI and FDG PET; (2) longitudinal increments of
plasma p-tau181 accompanied cognitive decline and longitu-
dinal progression of neurodegeneration in the same AD-
vulnerable regions; (3) plasma p-tau181 and NfL were inde-
pendently associated with cognition and neurodegeneration
in AD-vulnerable areas; (4) plasma p-tau181 was specifically
associated with cognitive impairment and an AD-typical re-
gional neurodegeneration pattern among participants in the
AD continuum (Aβ+), whereas NfL was associated with cog-
nitive decline and neurodegeneration in both Aβ+ and Aβ−
groups, generally in spatial neurodegeneration patterns that
were less specific for AD-vulnerable regions; and (5) the asso-
ciations between plasma p-tau181 and cognition were not fully
mediated by imaging-derived neurodegeneration markers, sug-
gesting independent links between plasma p-tau181 and cog-
nitive impairment that are not explained by neurodegenera-
tion as assessed with neuroimaging. Taken together, these
results suggest the potential of plasma p-tau181 as a scalable,
cost-effective, and accessible tool for estimating and moni-
toring AD-specific disease progression, extending results from
previous studies that mainly focused on the ability of plasma
p-tau181 for establishing disease status.7,9-12

Figure 2. Associations of Baseline Plasma Phosphorylated Tau at Threonine 181 (P-Tau181) With Decreasing Glucose Metabolism and Increasing
Atrophy in Amyloid-β–Positive (Aβ+) Cognitively Unimpaired and Impaired Participants

Longitudinal hypometabolism, Aβ+ CUA

Correlation (r)
0 0.50

0.02

M
et

a-
RO

I S
UV

R 
ch

an
ge

,
FD

G-
PE

T 
SU

VR
/y 0

–0.02

–0.04

–0.06
0 40

Plasma p-tau181, pg/mL
20 3010

r=–0.31
P=.02

Longitudinal hypometabolism, Aβ+ CImpB

Correlation (r)
0 0.50

0.02

M
et

a-
RO

I S
UV

R 
ch

an
ge

,
FD

G-
PE

T 
SU

VR
/y 0

–0.02

–0.04

–0.06
0 80

Plasma p-tau181, pg/mL
40 6020

r=–0.26
P<.001

Longitudinal atrophy, Aβ+ CUC

Correlation (r)
0 0.35

0.2

AD
-s

ig
na

tu
re

 R
O

I
vo

lu
m

e 
ch

an
ge

, c
m

3 /
y

0

–0.2

–0.6

–0.4

–1.0

–0.8

0 40

Plasma p-tau181, pg/mL
20 3010

r=–0.28
P=.004

Longitudinal atrophy, Aβ+ CImp D

Correlation (r)
0 0.35

0.4

AD
-s

ig
na

tu
re

 R
O

I
vo

lu
m

e 
ch

an
ge

, c
m

3 /
y

0

–0.2

0.2

–0.4

–0.6

–0.8
0 80

Plasma p-tau181, pg/mL
40 6020

r=–0.18
P<.001

Associations of baseline plasma p-tau181 with longitudinal hypometabolism in
Aβ+ cognitively unimpaired (CU) (A) and Aβ+ cognitively impaired (CImp) (B)
and with longitudinal atrophy in Aβ+ CU (C) and Aβ+ CImp (D) at the voxel and
region-of-interest (ROI) level. Models were adjusted for age, sex, and, for
atrophy measures, for total intracranial volume and MRI field strength.
Statistical maps were thresholded using a lenient threshold (P < .05
[uncorrected] at the voxel level and further thresholded at the cluster level by
restricting results to clusters with a number of voxels higher than the expected

number of voxels as predicted using random field theory) to maximize
detection power in the Aβ– group while keeping identical thresholds for the Aβ+
group. Reported partial correlation coefficients were adjusted for the same
covariates. Regression lines were computed by setting covariates in the linear
model to average group levels (CU or CImp) and categorical variables to the
reference (female sex and, for atrophy measures, 3-T field strength). The eTable
in Supplement 1 shows ROI analyses using hippocampus volume. FDG indicates
fluorine 18–labeled fluorodeoxyglucose; SUVR, standardized uptake value ratio.
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A main finding of the present study was the observation
that longitudinal increments of plasma p-tau181 paralleled
worsening hypometabolism, atrophy, and cognitive decline.
These associations, although generally stronger in the CImp
group, were also significant in CU individuals, which sug-
gests that plasma p-tau181 elevations might capture AD-
related neurodegenerative processes even at early, presymp-

tomatic disease stages and supports the use of repeated
measurements of plasma p-tau181 biomarker levels over time
for disease monitoring. However, some of the observed ef-
fect sizes were relatively small, particularly in the CU group.
Thus, future studies are warranted to elucidate the clinical rel-
evance of longitudinal plasma biomarkers for disease moni-
toring in different at-risk populations.

Figure 3. Associations of Plasma Phosphorylated Tau at Threonine 181 (P-Tau181) and Neurofilament Light Chain (NfL) Changes With Decreasing
Glucose Metabolism and Increasing Atrophy
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Regression lines displayed in graphs were computed by setting covariates in the
linear model to average group levels (cognitively unimpaired [CU] or cognitively
impaired [CImp]) and categorical variables to the reference (female sex and, for
atrophy measures, 3-T field strength). Age- and sex-adjusted associations of
plasma p-tau181 and NfL change with hypometabolism progression are shown
at the voxel (upper row) and Alzheimer disease (AD) meta–region of interest
(ROI) level (bottom row) in CU (A) and CImp (B) individuals. To account for the
difference in sample sizes, results of voxelwise analyses were thresholded at the
voxel level at P < .01 (uncorrected) for the CU group and at P < .001
(uncorrected) for CImp. All maps were further thresholded at the cluster level

by restricting results to clusters with a number of voxels higher than the
expected number of voxels as predicted using random field theory. Age- and
sex-adjusted associations of plasma p-tau181 and NfL changes with atrophy
progression are shown at the voxel (upper row) and AD-signature ROI level
(bottom row) in CU (C) and CImp (D) individuals. Results of voxelwise analyses
were thresholded at P < .01 (uncorrected) for the CU group and at P < .001
(uncorrected) for CImp. All maps were further thresholded at P < .05
(familywise error corrected) at the cluster level. The eTable in Supplement 1
shows ROI analyses using hippocampus volume. FDG indicates fluorine
18–labeled fluorodeoxyglucose; SUVR, standardized uptake value ratio.
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Our longitudinal findings resonate with recent results on
longitudinal measures of plasma p-tau217, another novel can-
didate plasma biomarker of AD.39 Although the associations
of longitudinal plasma p-tau217 with progressive neurodegen-
eration and cognitive decline were largely consistent with those
observed here for p-tau181, plasma p-tau217 changes were not
associated with progressive hippocampal atrophy in Aβ+ CImp
participants.39 This finding contrasts with our results on plasma
p-tau181, in which we observed statistically significant and gen-
erally stronger outcomes among CImp individuals. This dis-
crepancy highlights the need for head-to-head comparison
studies investigating the value of the respective novel blood-
based biomarker for monitoring disease progression.

Consistent with prior findings assessing neurodegeneration
with structural MRI,7,11 our results from FDG PET and structural
MRI evaluation suggest that higher baseline plasma p-tau181 lev-
els were associated with current and future neurodegeneration
among CImp individuals. Baseline p-tau181 levels were weakly
associated with prospective neurodegeneration in the CU group;
however, we did observe more pronounced associations in the
Aβ+ CU group, which suggests the predictive value of plasma
p-tau181 when Aβ status information is available.

Using brainwide analyses at the voxel level, we found that
plasma p-tau181 elevations were primarily associated with hy-
pometabolism and atrophy in specific temporoparietal brain re-

gions that are characteristically involved in AD-related
neurodegeneration,31,40-42 and these associations were only pre-
sent among Aβ+ individuals. Together, these findings suggest
that p-tau181 is a specific marker for AD-related neurodegen-
eration. By contrast, plasma NfL was also significantly associ-
ated with hypometabolism and atrophy among Aβ− individu-
als, and these associations commonly covered larger
frontoparietal areas not typically involved in AD. Neurodegen-
eration in frontoparietal areas has previously been found to be
associated with white matter hyperintensities in aging,43-45 sug-
gesting that the observed plasma NfL neurodegeneration pat-
terns could be reflective of small vessel disease–related neuro-
nal injury. Accordingly, plasma NfL levels have also been found
to increase with increasing white matter hyperintensity
burden.46 This finding is in line with findings from several pre-
vious studies indicating that plasma NfL is a more general marker
of neuronal degeneration that is not specific for AD26,47,48. In-
terestingly, in combined regression models, we found that both
plasma markers were independently associated with neurode-
generation in AD-typical areas, which suggests that both pro-
vide unique information about the underlying neurodegenera-
tive processes that occur during the natural course of AD. This
finding also suggests the potential for the combined use of these
biomarkers for an optimized assessment of progressive neuro-
degeneration.

Figure 4. Associations of Longitudinal Plasma Phosphorylated Tau at Threonine 181 (P-Tau181) Change With Decreasing Glucose Metabolism
and Increasing Atrophy in Amyloid-β–Positive (Aβ+) Cognitively Unimpaired (CU) and Cognitively Impaired (CImp) Participants
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Associations of longitudinal plasma p-tau181 change with longitudinal hypometabolism in Aβ+ CU (A) and Aβ+ CImp (B) and with longitudinal atrophy in Aβ+ CU (C) and
Aβ+ CImp (D) at the voxel and region-of-interest (ROI) levels. Linear models were adjusted for age, sex, and, for atrophy measures, total intracranial volume and MRI field
strength. Statistical maps were thresholded using a lenient threshold (P < .05 [uncorrected] at the voxel level and further thresholded at the cluster level by restricting to
clusters with a number of voxels higher than the expected number of voxels as predicted using random field theory) to maximize detection power in the Aβ- group while
keeping identical thresholds for the Aβ+ group. Reported partial correlation coefficients were adjusted for the same covariates. Regression lines were computed by setting
covariates in the linear model to average group levels (CU or CImp) and categorical variables to the reference (female sex and, for atrophy measures, 3-T field strength).
The eTable in Supplement 1 shows ROI analyses using hippocampus volume. FDG indicates fluorine 18–labeled fluorodeoxyglucose; SUVR, standardized uptake value ratio.
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In line with findings from previous studies,7,11,12 we observed
thatbaselineplasmap-tau181levelswereassociatedwithprospec-
tive cognitive decline. Here, we extended this previous knowl-
edgebynotingthat longitudinal increasesofplasmap-tau181par-
alleled cognitive decline even in asymptomatic stages of AD, fur-
ther supporting the notion that plasma p-tau181 might capture
early pathologic changes in the AD cascade. Moreover, we also
found that approximately 50% to 70% of the associations of
plasma p-tau181 with cognition were not mediated by hypome-
tabolism or atrophy, suggesting that plasma p-tau181 reflects
pathologic processes that influence cognitive performance
through partly independent pathways not captured by these es-
tablished imaging markers of neurodegeneration. This finding
likely corresponds to the accumulation of neurofibrillary tangle
pathology, which has been previously found to independently
contributetocognitiveimpairmentbeyondhypometabolismand
atrophy measures.49-51 However, in the current study, we could
not confirm this hypothesis owing to the lack of concurrent tau
PETscansandplasmap-tau181measuresintheADNIcohort.Fur-
ther studies are needed to elucidate how tau PET mediates the
associations between plasma p-tau181 and cognition.

Together, these findings further support the use of plasma
p-tau181notonlyfordeterminingdiseasestatusbutalsoasacost-
effective and specific biomarker of disease progression in AD.
Plasma p-tau181, alone or in combination with plasma NfL, might
represent a suitable tool for assessing and monitoring AD pro-
gression in clinical settings before conducting more expensive
orinvasiveconfirmatoryimagingorcerebrospinalfluidtests.Ow-
ing to their close association with AD-typical neurodegenera-
tionandcognition,repeatedplasmap-tau181measurementsover
time might also be useful to identify rapidly progressing forms
of the disease in clinical scenarios as well as to track treatment
outcomesindisease-modifyingtrials.Furtherstudiesinrealclini-
cal settings are warranted to investigate how the use of plasma
biomarkers may affect clinically relevant outcomes.52,53

Strengths and Limitations
This study features several strengths and limitations. First, we
used a large, prospective cohort with longitudinal plasma bio-
marker data, as well as measures of cognition and multi-
modal imaging markers of neurodegeneration over a rela-
tively long follow-up time. Second, almost all participants in
the study also underwent Aβ PET, which allowed us to con-
firm that plasma p-tau181 elevations specifically correlated with

neurodegeneration in participants along the AD continuum.
Third, all the participants also had plasma NfL measure-
ments, allowing a head-to-head comparison of the neurode-
generative features associated with each of the plasma-
derived biomarkers. The study has several principal limitations.
First, the study used a single cohort derived from ADNI, which
represents a rather selective population. Because the mea-
surement of plasma p-tau181 has only recently been intro-
duced, there currently exists, to our knowledge, no other com-
parably large cohort that could provide access to blood-
derived measures of p-tau181 and NfL in combination with the
detailed neuroimaging information from structural MRI, FDG
PET, and Aβ PET that was analyzed in our study, thus limiting
the possibility to replicate our findings in an independent co-
hort at this time. Still, the large study sample as well as the ro-
bustness of the results, with converging findings from 2 dif-
ferent imaging modalities for measuring neurodegeneration
along with measures of cognitive decline, provide strong evi-
dence in support of the potential of plasma p-tau181 for dis-
ease monitoring in AD. Second, only approximately 50% of the
study participants had longitudinal FDG PET scans, which lim-
ited the statistical power to detect associations with a decline
in glucose metabolism, particularly in the CU group. Third,
study participants did not have available tau PET scans at the
moment of plasma p-tau181 measurement. Fourth, the ADNI
study recruits participants who are relatively devoid of vas-
cular pathology. Recent evidence suggests that white matter
damage associates with Aβ deposition,54-56 and therefore, given
the strong dependence of plasma p-tau181 on Aβ, it is unclear
how vascular pathology might affect our findings.

Conclusions
In conclusion, our findings suggest that both baseline levels
and longitudinal changes in plasma p-tau181 levels were as-
sociated with prospective neurodegeneration and cognitive de-
cline that can be described as characteristic for AD. Plasma NfL
showed similarly pronounced associations with cognition and
imaging markers of neurodegeneration, but, in contrast to
plasma p-tau181, these associations were not AD specific. These
findings support the combined use of plasma p-tau181 and NfL
for improved prediction and monitoring of disease progres-
sion in AD.

ARTICLE INFORMATION

Accepted for Publication: November 13, 2020.

Published Online: January 11, 2021.
doi:10.1001/jamaneurol.2020.4986

Open Access: This is an open access article
distributed under the terms of the CC-BY License.
© 2021 Moscoso A et al. JAMA Neurology.

Author Affiliations: Department of Psychiatry and
Neurochemistry, Institute of Neuroscience and
Physiology, The Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden (Moscoso,
Grothe, Ashton, Karikari, Lantero Rodríguez,
Snellman, Blennow, Zetterberg, Schöll); Wallenberg
Centre for Molecular and Translational Medicine,

University of Gothenburg, Gothenburg, Sweden
(Moscoso, Grothe, Ashton, Schöll); Unidad de
Trastornos del Movimiento, Instituto de
Biomedicina de Sevilla, Hospital Universitario
Virgen del Rocío/CSIC/Universidad de Sevilla,
Seville, Spain (Grothe); King’s College London,
Institute of Psychiatry, Psychology & Neuroscience,
Maurice Wohl Clinical Neuroscience Institute,
London, United Kingdom (Ashton); NIHR
Biomedical Research Centre for Mental Health &
Biomedical Research Unit for Dementia at South
London & Maudsley NHS Foundation, London,
United Kingdom (Ashton); Turku PET Centre,
University of Turku, Turku, Finland (Snellman);
Barcelonaßeta Brain Research Center, Pasqual

Maragall Foundation. Barcelona, Spain
(Suárez-Calvet); Hospital del Mar Medical Research
Institute, Barcelona, Spain (Suárez-Calvet); Servei
de Neurologia, Hospital del Mar, Barcelona, Spain
(Suárez-Calvet); Centro de Investigación Biomédica
en Red de Fragilidad y Envejecimiento Saludable,
Madrid, Spain (Suárez-Calvet); Clinical
Neurochemistry Laboratory, Sahlgrenska University
Hospital, Mölndal, Sweden (Blennow, Zetterberg);
Department of Neurodegenerative Disease, UCL
Queen Square Institute of Neurology, University
College London, London, United Kingdom
(Zetterberg, Schöll); UK Dementia Research
Institute at University College London, London,
United Kingdom (Zetterberg).

Blood Phosphorylated Tau181, Neurofilament Light Chain, and Neurodegeneration in Alzheimer Disease Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology Published online January 11, 2021 E9

Downloaded From: https://jamanetwork.com/ by a Scelc - University of Southern California User  on 02/17/2021

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2020.4986?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jamaneurology/pages/instructions-for-authors?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986#SecOpenAccess
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986


Author Contributions: Dr Schöll had full access to
all of the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.
Concept and design: Moscoso, Grothe, Ashton,
Karikari, Zetterberg, Schöll.
Acquisition, analysis, or interpretation of data: All
authors.
Drafting of the manuscript: Moscoso, Ashton,
Karikari.
Critical revision of the manuscript for important
intellectual content: Grothe, Ashton, Karikari,
Lantero Rodríguez, Snellman, Suárez-Calvet,
Blennow, Zetterberg, Schöll.
Statistical analysis: Moscoso, Karikari.
Obtained funding: Karikari, Blennow, Zetterberg,
Schöll.
Administrative, technical, or material support:
Ashton, Karikari, Zetterberg, Schöll.
Supervision: Grothe, Karikari, Blennow, Schöll.

Conflict of Interest Disclosures: Dr Zetterberg
reported receiving grants from the Wallenberg
Foundation, Swedish Research Council, European
Research Council, Swedish State Support for
Clinical Research, Alzheimer Drug Discovery
Foundation, and UK Dementia Research Institute at
University College London; serving on the scientific
advisory boards for Denali, Roche Diagnostics,
Wave, Samumed, Siemens Healthineers, Pinteon
Therapeutics, and CogRx; giving lectures in
symposia sponsored by Fujirebio, Alzecure, and
Biogen, and cofounding Brain Biomarker Solutions
in Gothenburg AB, which is a part of the GU
Ventures Incubator Program, outside the submitted
work. Dr Blennow reported serving as a consultant,
on advisory boards, or at data monitoring
committees for Abcam, Axon, Biogen, JOMDD/
Shimadzu, Julius Clinical, Lilly, MagQu, Novartis,
Roche Diagnostics, and Siemens Healthineers; and
cofounding Brain Biomarker Solutions in
Gothenburg AB, which is a part of the GU Ventures
Incubator Program, outside the submitted work. Dr
Suárez-Calvet reported giving lectures in symposia
sponsored by Roche Diagnostics, S.L.U., outside the
submitted work. Dr Schöll reported serving on a
scientific advisory board for Servier outside the
submitted work. No other disclosures were
reported.

Funding/Support: This work was supported by the
“Miguel Servet” program grant CP19/00031 of the
Spanish Instituto de Salud Carlos III (Dr Grothe);
research fellowship A202f0812F from the
Brightfocus Foundation, grant AF-930627 from the
Swedish Alzheimer Foundation, grant
FO2020-0240 from the Swedish Brain Foundation,
grant 2020-00124 from the Agneta Prytz-Folkes &
Gösta Folkes Foundation, and support from the
Swedish Dementia Foundation, the Aina (Ann)
Wallströms and Mary-Ann Sjöbloms Foundation,
the Anna Lisa and Brother Björnsson’s Foundation,
Gamla Tjänarinnor, and the Gun and Bertil Stohnes
Foundation (Dr Karikari); the Paulo Foundation and
the Orion Research Foundation (Dr Snellman);
grant 752310 from the European Union’s Horizon
2020 Research and Innovation Program under the
Marie Skłodowska-Curie action grant agreement,
grant PI19/00155 from the Instituto de Salud Carlos
III, and grant IJC2018-037478-I from the Spanish
Ministry of Science, Innovation and Universities
(Juan de la Cierva Programme) (Dr Suárez-Calvet);
grant 2018-02532 from the Swedish Research
Council, 681712 from the European Research
Council, ALFGBG-720931 from the Swedish State

Support for Clinical Research, 201809-2016862
from the Alzheimer Drug Discovery Foundation
USA, and the UK Dementia Research Institute at
University College London (Dr Zetterberg); grant
2017-00915 from the Swedish Research Council,
RDAPB-201809-2016615 from the Alzheimer Drug
Discovery Foundation USA, AF-742881 from the
Swedish Alzheimer Foundation, FO2017-0243 from
Hjärnfonden, Sweden, the Swedish state under the
agreement between the Swedish government and
the County Councils, ALFGBG-715986 from the
ALF-agreement, and JPND2019-466-236 from the
European Union Joint Program for
Neurodegenerative Disorders (Dr Blennow); KAW
2014.0363 from the Knut and Alice Wallenberg
Foundation (Wallenberg Centre for Molecular and
Translational Medicine, 2017-02869 from the
Swedish Research Council, ALFGBG-813971 from
the Swedish state under the agreement between
the Swedish government and the County Councils,
the ALF-agreement, and AF-740191 from the
Swedish Alzheimer Foundation (Dr. Schöll). Data
collection and sharing for this project was funded
by the Alzheimer's Disease Neuroimaging Initiative
(ADNI) (grant AG024904) and Department of
Defense ADNI (grant W81XWH-12-2-0012). ADNI is
funded by the National Institute on Aging, the
National Institute of Biomedical Imaging and
Bioengineering, and through generous
contributions from the following: AbbVie,
Alzheimer’s Association; Alzheimer’s Drug
Discovery Foundation; Araclon Biotech; BioClinica,
Inc; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc; Cogstate; Eisai Inc; Elan
Pharmaceuticals, Inc; Eli Lilly and Company;
EuroImmun; F. Hoffmann-La Roche Ltd and its
affiliated company Genentech, Inc; Fujirebio; GE
Healthcare; IXICO Ltd; Janssen Alzheimer
Immunotherapy Research & Development, LLC;
Johnson & Johnson Pharmaceutical Research &
Development LLC; Lumosity; Lundbeck; Merck &
Co, Inc; Meso Scale Diagnostics, LLC; NeuroRx
Research; Neurotrack Technologies; Novartis
Pharmaceuticals Corporation; Pfizer Inc; Piramal
Imaging; Servier; Takeda Pharmaceutical Company;
and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to
support ADNI clinical sites in Canada. Private sector
contributions are facilitated by the Foundation for
the National Institutes of Health (www.fnih.org).
The grantee organization is the Northern California
Institute for Research and Education, and the study
is coordinated by the Alzheimer’s Therapeutic
Research Institute at the University of Southern
California. ADNI data are disseminated by the
Laboratory for Neuro Imaging at the University of
Southern California.

Role of the Funder/Sponsor: The funders had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Additional Contributions: Data used in
preparation of this article were obtained from the
ADNI database (adni.loni.usc.edu). As such, the
investigators within ADNI contributed to the design
and implementation of ADNI and/or provided data
but did not participate in the analysis or the writing
of this report.

Group Information: The ADNI investigators are
listed in Supplement 2.

REFERENCES

1. Hyman BT, Phelps CH, Beach TG, et al. National
Institute on Aging-Alzheimer’s Association
guidelines for the neuropathologic assessment of
Alzheimer’s disease. Alzheimers Dement. 2012;8(1):
1-13. doi:10.1016/j.jalz.2011.10.007

2. Jack CR Jr, Holtzman DM. Biomarker modeling of
Alzheimer’s disease. Neuron. 2013;80(6):1347-1358.
doi:10.1016/j.neuron.2013.12.003

3. Joshi AD, Pontecorvo MJ, Clark CM, et al;
Florbetapir F 18 Study Investigators. Performance
characteristics of amyloid PET with florbetapir F 18
in patients with Alzheimer’s disease and cognitively
normal subjects. J Nucl Med. 2012;53(3):378-384.
doi:10.2967/jnumed.111.090340

4. Clark CM, Schneider JA, Bedell BJ, et al;
AV45-A07 Study Group. Use of florbetapir-PET for
imaging β-amyloid pathology. JAMA. 2011;305(3):
275-283. doi:10.1001/jama.2010.2008

5. Pike KE, Savage G, Villemagne VL, et al.
Beta-amyloid imaging and memory in
non-demented individuals: evidence for preclinical
Alzheimer’s disease. Brain. 2007;130(pt 11):2837-
2844. doi:10.1093/brain/awm238

6. de Leon MJ, Mosconi L, Blennow K, et al.
Imaging and CSF studies in the preclinical diagnosis
of Alzheimer’s disease. Ann N Y Acad Sci. 2007;
1097:114-145. doi:10.1196/annals.1379.012

7. Thijssen EH, La Joie R, Wolf A, et al; Advancing
Research and Treatment for Frontotemporal Lobar
Degeneration (ARTFL) Investigators. Diagnostic
value of plasma phosphorylated tau181 in
Alzheimer’s disease and frontotemporal lobar
degeneration. Nat Med. 2020;26(3):387-397. doi:
10.1038/s41591-020-0762-2

8. Palmqvist S, Janelidze S, Quiroz YT, et al.
Discriminative accuracy of plasma phospho-tau217
for Alzheimer disease vs other neurodegenerative
disorders. JAMA. 2020;324(8):772-781. doi:10.
1001/jama.2020.12134

9. O’Connor A, Karikari TK, Poole T, et al. Plasma
phospho-tau181 in presymptomatic and
symptomatic familial Alzheimer’s disease:
a longitudinal cohort study. Mol Psychiatry. 2020.
doi:10.1038/s41380-020-0838-x

10. Lantero Rodriguez J, Karikari TK, Suárez-Calvet
M, et al. Plasma p-tau181 accurately predicts
Alzheimer’s disease pathology at least 8 years prior
to post-mortem and improves the clinical
characterisation of cognitive decline. Acta
Neuropathol. 2020;140(3):267-278. doi:10.1007/
s00401-020-02195-x

11. Karikari TK, Pascoal TA, Ashton NJ, et al. Blood
phosphorylated tau 181 as a biomarker for
Alzheimer’s disease: a diagnostic performance and
prediction modelling study using data from four
prospective cohorts. Lancet Neurol. 2020;19(5):
422-433. doi:10.1016/S1474-4422(20)30071-5

12. Janelidze S, Mattsson N, Palmqvist S, et al.
Plasma P-tau181 in Alzheimer’s disease: relationship
to other biomarkers, differential diagnosis,
neuropathology and longitudinal progression to
Alzheimer’s dementia. Nat Med. 2020;26(3):379-
386. doi:10.1038/s41591-020-0755-1

13. Vergallo A, Mégret L, Lista S, et al;
INSIGHT-preAD study group; Alzheimer Precision
Medicine Initiative (APMI). Plasma amyloid β 40/42
ratio predicts cerebral amyloidosis in cognitively
normal individuals at risk for Alzheimer’s disease.
Alzheimers Dement. 2019;15(6):764-775. doi:10.
1016/j.jalz.2019.03.009

14. Schindler SE, Bollinger JG, Ovod V, et al.
High-precision plasma β-amyloid 42/40 predicts

Research Original Investigation Blood Phosphorylated Tau181, Neurofilament Light Chain, and Neurodegeneration in Alzheimer Disease

E10 JAMA Neurology Published online January 11, 2021 (Reprinted) jamaneurology.com

Downloaded From: https://jamanetwork.com/ by a Scelc - University of Southern California User  on 02/17/2021

http://www.fnih.org
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2020.4986?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1016/j.jalz.2011.10.007
https://dx.doi.org/10.1016/j.neuron.2013.12.003
https://dx.doi.org/10.2967/jnumed.111.090340
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2010.2008?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1093/brain/awm238
https://dx.doi.org/10.1196/annals.1379.012
https://dx.doi.org/10.1038/s41591-020-0762-2
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12134?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12134?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1038/s41380-020-0838-x
https://dx.doi.org/10.1007/s00401-020-02195-x
https://dx.doi.org/10.1007/s00401-020-02195-x
https://dx.doi.org/10.1016/S1474-4422(20)30071-5
https://dx.doi.org/10.1038/s41591-020-0755-1
https://dx.doi.org/10.1016/j.jalz.2019.03.009
https://dx.doi.org/10.1016/j.jalz.2019.03.009
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986


current and future brain amyloidosis. Neurology.
2019;93(17):e1647-e1659. doi:10.1212/WNL.
0000000000008081

15. Risacher SL, Fandos N, Romero J, et al. Plasma
amyloid beta levels are associated with cerebral
amyloid and tau deposition. Alzheimers Dement
(Amst). 2019;11:510-519. doi:10.1016/j.dadm.2019.05.
007

16. Ashton NJ, Nevado-Holgado AJ, Barber IS, et al.
A plasma protein classifier for predicting amyloid
burden for preclinical Alzheimer’s disease. Sci Adv.
2019;5(2):eaau7220. doi:10.1126/sciadv.aau7220

17. Nakamura A, Kaneko N, Villemagne VL, et al.
High performance plasma amyloid-β biomarkers for
Alzheimer’s disease. Nature. 2018;554(7691):249-
254. doi:10.1038/nature25456

18. Barthélemy NR, Horie K, Sato C, Bateman RJ.
Blood plasma phosphorylated-tau isoforms track
CNS change in Alzheimer’s disease. J Exp Med.
2020;217(11):e20200861. doi:10.1084/jem.
20200861

19. Karikari TK, Benedet AL, Ashton NJ, et al;
Alzheimer’s Disease Neuroimaging Initiative.
Diagnostic performance and prediction of clinical
progression of plasma phospho-tau181 in the
Alzheimer’s Disease Neuroimaging Initiative. Mol
Psychiatry. 2020. doi:10.1038/s41380-020-00923-
z

20. Mattsson N, Cullen NC, Andreasson U,
Zetterberg H, Blennow K. Association between
longitudinal plasma neurofilament light and
neurodegeneration in patients with Alzheimer
disease. JAMA Neurol. 2019;76(7):791-799. doi:10.
1001/jamaneurol.2019.0765

21. Mattsson N, Andreasson U, Zetterberg H,
Blennow K; Alzheimer’s Disease Neuroimaging
Initiative. Association of plasma neurofilament light
with neurodegeneration in patients with Alzheimer
disease. JAMA Neurol. 2017;74(5):557-566. doi:10.
1001/jamaneurol.2016.6117

22. Forgrave LM, Ma M, Best JR, DeMarco ML. The
diagnostic performance of neurofilament light
chain in CSF and blood for Alzheimer’s disease,
frontotemporal dementia, and amyotrophic lateral
sclerosis: a systematic review and meta-analysis.
Alzheimers Dement (Amst). 2019;11:730-743. doi:
10.1016/j.dadm.2019.08.009

23. ADNI. Alzheimer’s Disease Neuroimaging
Initiative. Accessed June 19, 2020. http://adni.loni.
usc.edu

24. Petersen RC, Aisen PS, Beckett LA, et al.
Alzheimer’s Disease Neuroimaging Initiative
(ADNI): clinical characterization. Neurology. 2010;
74(3):201-209. doi:10.1212/WNL.0b013e3181cb3e25

25. Kang JH, Korecka M, Figurski MJ, et al;
Alzheimer’s Disease Neuroimaging Initiative. The
Alzheimer’s Disease Neuroimaging Initiative 2
Biomarker Core: a review of progress and plans.
Alzheimers Dement. 2015;11(7):772-791. doi:10.
1016/j.jalz.2015.05.003

26. Gisslén M, Price RW, Andreasson U, et al.
Plasma concentration of the neurofilament light
protein (NFL) is a biomarker of CNS injury in HIV
infection: a cross-sectional study. EBioMedicine.
2015;3:135-140. doi:10.1016/j.ebiom.2015.11.036

27. ADNI. Access and data samples. Accessed June
19, 2020. http://adni.loni.usc.edu/data-samples/
access-data/

28. Jagust WJ, Landau SM, Koeppe RA, et al. The
Alzheimer’s Disease Neuroimaging Initiative 2 PET
core: 2015. Alzheimers Dement. 2015;11(7):757-771.
doi:10.1016/j.jalz.2015.05.001

29. Jack CR Jr, Barnes J, Bernstein MA, et al.
Magnetic resonance imaging in Alzheimer’s Disease
Neuroimaging Initiative 2. Alzheimers Dement.
2015;11(7):740-756. doi:10.1016/j.jalz.2015.05.002

30. Lange C, Suppa P, Frings L, Brenner W, Spies L,
Buchert R. Optimization of statistical single subject
analysis of brain FDG PET for the prognosis of mild
cognitive impairment-to-Alzheimer’s disease
conversion. J Alzheimers Dis. 2016;49(4):945-959.
doi:10.3233/JAD-150814

31. Landau SM, Harvey D, Madison CM, et al;
Alzheimer’s Disease Neuroimaging Initiative.
Associations between cognitive, functional, and
FDG-PET measures of decline in AD and MCI.
Neurobiol Aging. 2011;32(7):1207-1218. doi:10.1016/
j.neurobiolaging.2009.07.002

32. Jack CR Jr, Wiste HJ, Weigand SD, et al.
Defining imaging biomarker cut points for brain
aging and Alzheimer’s disease. Alzheimers Dement.
2017;13(3):205-216. doi:10.1016/j.jalz.2016.08.005

33. Jack CR Jr, Bennett DA, Blennow K, et al.
NIA-AA research framework: toward a biological
definition of Alzheimer’s disease. Alzheimers Dement.
2018;14(4):535-562. doi:10.1016/j.jalz.2018.02.018

34. Donohue MC, Sperling RA, Salmon DP, et al;
Australian Imaging, Biomarkers, and Lifestyle
Flagship Study of Ageing; Alzheimer’s Disease
Neuroimaging Initiative; Alzheimer’s Disease
Cooperative Study. The preclinical Alzheimer
cognitive composite: measuring amyloid-related
decline. JAMA Neurol. 2014;71(8):961-970. doi:10.
1001/jamaneurol.2014.803

35. Donohue MC, Sperling RA, Petersen R, Sun CK,
Weiner MW, Aisen PS; Alzheimer’s Disease
Neuroimaging Initiative. Association between
elevated brain amyloid and subsequent cognitive
decline among cognitively normal persons. JAMA.
2017;317(22):2305-2316. doi:10.1001/jama.2017.6669

36. Mohs RC, Knopman D, Petersen RC, et al.
Development of cognitive instruments for use in
clinical trials of antidementia drugs: additions to the
Alzheimer’s Disease Assessment Scale that broaden
its scope: the Alzheimer’s Disease Cooperative
Study. Alzheimer Dis Assoc Disord. 1997;11(suppl 2):
S13-S21. doi:10.1097/00002093-199700112-00003

37. Landau SM, Lu M, Joshi AD, et al; Alzheimer’s
Disease Neuroimaging Initiative. Comparing
positron emission tomography imaging and
cerebrospinal fluid measurements of β-amyloid.
Ann Neurol. 2013;74(6):826-836. doi:10.1002/ana.
23908

38. Rothman KJ. No adjustments are needed for
multiple comparisons. Epidemiology. 1990;1(1):43-
46. doi:10.1097/00001648-199001000-00010

39. Mattsson-Carlgren N, Janelidze S, Palmqvist S,
et al. Longitudinal plasma p-tau217 is increased in
early stages of Alzheimer’s disease. Brain. 2020;
awaa286. doi:10.1093/brain/awaa286

40. Whitwell JL, Przybelski SA, Weigand SD, et al.
3D maps from multiple MRI illustrate changing
atrophy patterns as subjects progress from mild
cognitive impairment to Alzheimer’s disease. Brain.
2007;130(pt 7):1777-1786. doi:10.1093/brain/awm112

41. Rabinovici GD, Seeley WW, Kim EJ, et al.
Distinct MRI atrophy patterns in autopsy-proven
Alzheimer’s disease and frontotemporal lobar
degeneration. Am J Alzheimers Dis Other Demen.
2007;22(6):474-488. doi:10.1177/1533317507308779

42. Edison P, Archer HA, Hinz R, et al. Amyloid,
hypometabolism, and cognition in Alzheimer
disease: an [11C]PIB and [18F]FDG PET study.
Neurology. 2007;68(7):501-508. doi:10.1212/01.wnl.
0000244749.20056.d4

43. Habes M, Erus G, Toledo JB, et al. White matter
hyperintensities and imaging patterns of brain
ageing in the general population. Brain. 2016;139(pt
4):1164-1179. doi:10.1093/brain/aww008

44. Pascual B, Prieto E, Arbizu J, Marti-Climent J,
Olier J, Masdeu JC. Brain glucose metabolism in
vascular white matter disease with dementia:
differentiation from Alzheimer disease. Stroke.
2010;41(12):2889-2893. doi:10.1161/STROKEAHA.110.
591552

45. Smith EE, O’Donnell M, Dagenais G, et al; PURE
Investigators. Early cerebral small vessel disease
and brain volume, cognition, and gait. Ann Neurol.
2015;77(2):251-261. doi:10.1002/ana.24320

46. Sun Y, Tan L, Xu W, et al; Alzheimer’s Disease
Neuroimaging Initiative. Plasma neurofilament light
and longitudinal progression of white matter
hyperintensity in elderly persons without dementia.
J Alzheimers Dis. 2020;75(3):729-737. doi:10.3233/
JAD-200022

47. Rojas JC, Karydas A, Bang J, et al. Plasma
neurofilament light chain predicts progression in
progressive supranuclear palsy. Ann Clin Transl Neurol.
2016;3(3):216-225. doi:10.1002/acn3.290

48. Benussi A, Karikari TK, Ashton N, et al.
Diagnostic and prognostic value of serum NfL and
p-Tau181 in frontotemporal lobar degeneration.
J Neurol Neurosurg Psychiatry. 2020;91(9):960-967.
doi:10.1136/jnnp-2020-323487

49. Aschenbrenner AJ, Gordon BA, Benzinger TLS,
Morris JC, Hassenstab JJ. Influence of tau PET,
amyloid PET, and hippocampal volume on cognition
in Alzheimer disease. Neurology. 2018;91(9):e859-
e866. doi:10.1212/WNL.0000000000006075

50. Bejanin A, Schonhaut DR, La Joie R, et al. Tau
pathology and neurodegeneration contribute to
cognitive impairment in Alzheimer’s disease. Brain.
2017;140(12):3286-3300. doi:10.1093/brain/awx243

51. Saint-Aubert L, Almkvist O, Chiotis K, Almeida
R, Wall A, Nordberg A. Regional tau deposition
measured by [18F]THK5317 positron emission
tomography is associated to cognition via glucose
metabolism in Alzheimer’s disease. Alzheimers Res
Ther. 2016;8(1):38. doi:10.1186/s13195-016-0204-z

52. Rabinovici GD, Gatsonis C, Apgar C, et al.
Association of amyloid positron emission
tomography with subsequent change in clinical
management among Medicare beneficiaries with
mild cognitive impairment or dementia. JAMA.
2019;321(13):1286-1294. doi:10.1001/jama.2019.
2000

53. Ceccaldi M, Jonveaux T, Verger A, et al; NEUUS
in AD Study Group. Added value of 18F-florbetaben
amyloid PET in the diagnostic workup of most
complex patients with dementia in France:
A naturalistic study. Alzheimers Dement. 2018;14(3):
293-305. doi:10.1016/j.jalz.2017.09.009

54. Moscoso A, Rey-Bretal D, Silva-Rodríguez J,
et al; Alzheimer’s Disease Neuroimaging Initiative.
White matter hyperintensities are associated with
subthreshold amyloid accumulation. Neuroimage.
2020;218:116944. doi:10.1016/j.neuroimage.2020.
116944

55. Caballero MAA, Song Z, Rubinski A, et al.
Age-dependent amyloid deposition is associated
with white matter alterations in cognitively normal
adults during the adult life span. Alzheimers Dement.
2020;16(4):651-661. doi:10.1002/alz.12062

56. Graff-Radford J, Arenaza-Urquijo EM,
Knopman DS, et al. White matter hyperintensities:
relationship to amyloid and tau burden. Brain.
2019;142(8):2483-2491. doi:10.1093/brain/awz162

Blood Phosphorylated Tau181, Neurofilament Light Chain, and Neurodegeneration in Alzheimer Disease Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology Published online January 11, 2021 E11

Downloaded From: https://jamanetwork.com/ by a Scelc - University of Southern California User  on 02/17/2021

https://dx.doi.org/10.1212/WNL.0000000000008081
https://dx.doi.org/10.1212/WNL.0000000000008081
https://dx.doi.org/10.1016/j.dadm.2019.05.007
https://dx.doi.org/10.1016/j.dadm.2019.05.007
https://dx.doi.org/10.1126/sciadv.aau7220
https://dx.doi.org/10.1038/nature25456
https://dx.doi.org/10.1084/jem.20200861
https://dx.doi.org/10.1084/jem.20200861
https://dx.doi.org/10.1038/s41380-020-00923-z
https://dx.doi.org/10.1038/s41380-020-00923-z
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2019.0765?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2019.0765?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2016.6117?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2016.6117?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1016/j.dadm.2019.08.009
http://adni.loni.usc.edu
http://adni.loni.usc.edu
https://dx.doi.org/10.1212/WNL.0b013e3181cb3e25
https://dx.doi.org/10.1016/j.jalz.2015.05.003
https://dx.doi.org/10.1016/j.jalz.2015.05.003
https://dx.doi.org/10.1016/j.ebiom.2015.11.036
http://adni.loni.usc.edu/data-samples/access-data/
http://adni.loni.usc.edu/data-samples/access-data/
https://dx.doi.org/10.1016/j.jalz.2015.05.001
https://dx.doi.org/10.1016/j.jalz.2015.05.002
https://dx.doi.org/10.3233/JAD-150814
https://dx.doi.org/10.1016/j.neurobiolaging.2009.07.002
https://dx.doi.org/10.1016/j.neurobiolaging.2009.07.002
https://dx.doi.org/10.1016/j.jalz.2016.08.005
https://dx.doi.org/10.1016/j.jalz.2018.02.018
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2014.803?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2014.803?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2017.6669?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1097/00002093-199700112-00003
https://dx.doi.org/10.1002/ana.23908
https://dx.doi.org/10.1002/ana.23908
https://dx.doi.org/10.1097/00001648-199001000-00010
https://dx.doi.org/10.1093/brain/awaa286
https://dx.doi.org/10.1093/brain/awm112
https://dx.doi.org/10.1177/1533317507308779
https://dx.doi.org/10.1212/01.wnl.0000244749.20056.d4
https://dx.doi.org/10.1212/01.wnl.0000244749.20056.d4
https://dx.doi.org/10.1093/brain/aww008
https://dx.doi.org/10.1161/STROKEAHA.110.591552
https://dx.doi.org/10.1161/STROKEAHA.110.591552
https://dx.doi.org/10.1002/ana.24320
https://dx.doi.org/10.3233/JAD-200022
https://dx.doi.org/10.3233/JAD-200022
https://dx.doi.org/10.1002/acn3.290
https://dx.doi.org/10.1136/jnnp-2020-323487
https://dx.doi.org/10.1212/WNL.0000000000006075
https://dx.doi.org/10.1093/brain/awx243
https://dx.doi.org/10.1186/s13195-016-0204-z
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2019.2000?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2019.2000?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986
https://dx.doi.org/10.1016/j.jalz.2017.09.009
https://dx.doi.org/10.1016/j.neuroimage.2020.116944
https://dx.doi.org/10.1016/j.neuroimage.2020.116944
https://dx.doi.org/10.1002/alz.12062
https://dx.doi.org/10.1093/brain/awz162
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.4986

