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Abstract
Objective
To test the hypothesis that plasma total tau (t-tau) and neurofilament light chain (NfL)
concentrations may have a differential role in the study of frontotemporal lobar degeneration
syndromes (FTLD-S) and clinically diagnosed Alzheimer disease syndromes (AD-S), we de-
termined their diagnostic and prognostic value in FTLD-S and AD-S and their sensitivity to
pathologic diagnoses.

Methods
We measured plasma t-tau and NfL with the Simoa platform in 265 participants: 167 FTLD-S,
43 AD-S, and 55 healthy controls (HC), including 82 pathology-proven cases (50 FTLD-tau,
18 FTLD-TDP, 2 FTLD-FUS, and 12 AD) and 98 participants with amyloid PET. We com-
pared cross-sectional and longitudinal biomarker concentrations between groups, their cor-
relation with clinical measures of disease severity, progression, and survival, and cortical
thickness.

Results
Plasma NfL, but not plasma t-tau, discriminated FTLD-S from HC and AD-S from HC. Both
plasma NfL and t-tau were poor discriminators between FLTD-S and AD-S. In pathology-
confirmed cases, plasma NfL was higher in FTLD than AD and in FTLD-TDP compared to
FTLD-tau, after accounting for age and disease severity. Plasma NfL, but not plasma t-tau,
predicted clinical decline and survival and correlated with regional cortical thickness in both
FTLD-S and AD-S. The combination of plasma NfL with plasma t-tau did not outperform
plasma NfL alone.

Conclusion
Plasma NfL is superior to plasma t-tau for the diagnosis and prediction of clinical progression of
FTLD-S and AD-S.

Classification of Evidence
This study provides Class III evidence that plasma NfL has superior diagnostic and prognostic
performance vs plasma t-tau in FTLD and AD.

MORE ONLINE

Class of Evidence
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studies

NPub.org/coe

From the Sant Pau Memory Unit, Department of Neurology (I.I.-G., A.L.), Hospital de la Santa Creu i Sant Pau, Biomedical Research Institute Sant Pau, Universitat Autònoma de
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Plasma biomarkers are powerful diagnostic and prognostic
clinical tools.1 The microtubule-associated protein tau has
been implicated in the pathophysiology of Alzheimer disease
(AD) and frontotemporal lobar degeneration (FTLD) and
can bemeasured in plasma with ultrasensitive immunoassays.2

Total tau (t-tau) is increased in pathology-confirmed AD and
is considered a neurodegeneration biomarker in current re-
search AD frameworks.3 The cytoskeletal protein neurofila-
ment light (NfL) can also be measured in plasma with
ultrasensitive technology. Plasma NfL increases upon neu-
ronal injury and correlates with clinical progression and sur-
vival in FTLD syndromes (FTLD-S) and AD syndromes
(AD-S).4–8

The combination of CSF t-tau and NfL discriminated be-
tween early onset AD and FTLD,9 and both analytes may be
useful for the diagnosis and prognosis of FTLD.1,10–12

Whereas blood t-tau shows no diagnostic potential for AD,13

NfL in blood shows a clear increase in AD,4 and also tracks
neurofibrillary tangle load and cognitive decline.14,15 Studies
of plasma NfL and t-tau in pathology-confirmed FTLD and
AD are scarce, and it is unknown if their concentrations are
affected by comorbid AD presenting in the context of primary
FTLD pathology. Here, we aimed to compare (1) the di-
agnostic and prognostic value of plasma t-tau and NfL in
FTLD-S and AD-S; (2) their utility for the differentiation of
FTLD subtypes with or without comorbid AD; and (3) their
ability to track clinical and imaging measures of neuro-
degeneration. We hypothesize that both biomarkers would
have different diagnostic sensitivities and correlations with
clinical variables in FTLD and AD.

Methods
Study Participants
Participants were recruited at the University of California, San
Francisco (UCSF) Memory and Aging Center from No-
vember 2011 to January 2015. A total of 267 research par-
ticipants provided written informed consent and underwent
neurologic, neuropsychological, and functional assessment
with informant interview, and blood sampling. A subgroup of
participants also underwent structural brain MRI (n = 240)
and CSF sample collection (n = 181). Participants were di-
agnosed at a multidisciplinary consensus conference and met
criteria for behavioral variant frontotemporal dementia

(bvFTD),16 nonfluent/agrammatic variant of primary pro-
gressive aphasia (nfvPPA),17 semantic variant of primary
progressive aphasia (svPPA),17 progressive supranuclear palsy
(PSP),18 corticobasal syndrome (CBS),19 amyotrophic lateral
sclerosis with frontotemporal dementia (ALS-FTD),20 or
AD-S (AD type dementia and atypical variants of AD).21

Clinical diagnosis was made by clinicians blinded to fluid
biomarker results. For this study, bvFTD, nfvPPA, svPPA,
PSP, and CBS were grouped as FTLD-S. Participants in the
healthy control group (HC) were functionally intact older
adults enrolled through the Hillblom Aging Network. Plasma
NfL data for 26 HC, 6 patients with AD-S, and 85 patients
with FLTD-S were used elsewhere.22

Neurocognitive and Disease Staging Measures
Participants underwent a comprehensive neuropsychological
battery at the time of plasma sampling. Four major cognitive
domains were covered as previously described23: memory
(delayed recall of the California Verbal Learning Test–short
form and Benson Figure Test), executive functioning (Digit
Span backward, Trail-Making Test part B, Stroop Color-
Word card subtask, and Letter Fluency), language (Category
Fluency and Boston Naming Test), and visuospatial func-
tioning (Number Location from the Visual Object Space and
Perception battery and Benson Figure copy test). To obtain
composite scores for each cognitive domain, we used the
means and SDs of the control group to convert raw cognitive
scores into Z scores. Subsequently, the patient’s Z scores were
averaged within each cognitive domain. The Mini-Mental
State Examination (MMSE)24 was used as a general measure
of global cognition, and the Clinical Dementia Rating plus
National Alzheimer’s Coordinating Center FTLD sum of
boxes (CDR+NACC/FTLD-SB) score was used as a measure
of disease severity.25

Plasma and CSF Biomarkers
Plasma and CSF collections were performed according to the
Alzheimer’s Disease Neuroimaging Initiative protocol.5

Plasma NfL and plasma t-tau concentrations were determined
with commercially available ultrasensitive Single molecule
array technology using an HD-1 analyzer (Quanterix, Bill-
erica, MA), by board-certified laboratory technicians blinded
to clinical data, as previously described.5 CSF concentrations
of both t-tau and phosphorylated tau (p-tau181) were mea-
sured with the INNO-BIA AlzBio3 platform (Fujirebio, Gent,
Belgium). CSF NfL concentrations were measured using the

Glossary
AD = Alzheimer disease; AD-S = Alzheimer disease syndromes; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal
dementia; AUC = area under the receiver operator characteristic curve; bvFTD = behavioral variant frontotemporal dementia;
CBS = corticobasal syndrome; CDR+NACC/FTLD-SB = Clinical Dementia Rating plus National Alzheimer’s Coordinating
Center FTLD sum of boxes; FTLD = frontotemporal lobar degeneration; FTLD-S = frontotemporal lobar degeneration
syndromes;HC = healthy control;MMSE =Mini-Mental State Examination;NfL = neurofilament light; nfvPPA = nonfluent/
agrammatic variant of primary progressive aphasia; PSP = progressive supranuclear palsy; t-tau = total tau; svPPA = semantic
variant of primary progressive aphasia; UCSF = University of California, San Francisco.

e672 Neurology | Volume 96, Number 5 | February 2, 2021 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


UmanDiagnostics (Umeå, Sweden) ELISA kit (NF-Light kit),
as previously described.26

Amyloid PET
Ninety-eight participants had available brain amyloid PET
data (n = 71 with [11C]Pittsburgh compound B, n = 27 with
[18F]Florbetapir) within 6 months of plasma sampling. PET
scans were read as positive or negative, as previously described
and validated against neuropathology.27

MRI Acquisition and Preprocessing
A total of 240 participants (160 FTLD-S, 29 AD-S, and 51
HC) underwent MRI at the time of plasma sampling (mean
time from plasma sampling to scan 1 month, with a maximum
time between plasma sampling to MRI of 6 months). MRIs
were acquired on a 3T Siemens Tim Trio system equipped
with a 12-channel head coil. FifteenMRIs were excluded from
final neuroimaging analyses: 8 because of low image quality
(i.e., significant movement artifact) or preprocessing errors
and 7 because they were performed in a different MRI scan-
ner. The remaining 225MRIs (160 FTLD-S, 29 AD-S, and 51
HC) were processed with the CAT12 toolbox (version 1450)
28 within SPM12 (version 7487, running in MATLAB
r2019b)29 to gather cortical thickness estimates, as previously
described.28 Briefly, the CAT12 toolbox uses tissue segmen-
tation to estimate the white matter distance, and it then
projects the local maxima (which is equal to cortical thick-
ness) to other gray matter voxels by using a neighbor re-
lationship described by the white matter distance. Previous
studies have shown that projection-based thickness allows the
handling of partial volume information, sulcal blurring, and
sulcal asymmetries without explicit sulcus reconstruction.28

Topologic correction, spherical mapping, and spherical reg-
istration were performed to obtain vertex-wise cortical
thickness. Finally, surface maps were smoothed using a
15 mm full width at half maximum for group comparisons and
correlations with plasma biomarkers.

Genetic Analysis
Genetic screening was conducted for mutations known to
cause autosomal dominant FTLD or AD (MAPT, C9orf72,
GRN, TARDBP, FUS, PSEN1, PSEN2, and APP) at the
Coppola Lab at the University of California, Los Angeles.30

Neuropathologic Assessment
Neuropathologic assessments performed at UCSF followed
previously described procedures.30 Participants were classified
into FTLD major molecular classes (tau, TDP-43, or FUS) and
subtypes31 or AD.32 AD pathology was classified according to the
National Institute on Aging–Alzheimer’s Association guidelines
for the likelihood of ADpathology as low, intermediate, or high.33

For secondary analyses, we considered that participants with ei-
ther a positive amyloid PET or at least comorbid AD (as defined
by at least intermediate likelihood of AD pathology) had an
increased certainty of underlying AD, either as a primary or
contributing pathology, in both FTLD-S and AD-S groups.

Statistical Analysis
Data were explored for normality using the Shapiro-Wilk test.
Fluid biomarker concentrations were log-transformed using
the natural log to fulfill the normal distribution assumption.
Between-group differences were determined with analysis of
variance or t test for continuous variables (with Bonferroni
correction for multiple comparisons) and the χ2 for di-
chotomous or categorical data.

We calculated correlations between plasma biomarkers,
age at plasma sampling, and CDR+NACC/FTLD-SB with
Pearson correlation coefficient in all clinical groups. Then,
we studied the correlation between neuropsychology
testing variables and plasma biomarkers with partial cor-
relations adjusting for age and education, to account for
the well-known effect of these variables on cognitive per-
formance. We also explored the correlation between
plasma and CSF concentrations of NfL and t-tau with
Pearson correlation coefficient. In addition to main clinical
group comparisons (namely, FTLD-S, AD-S, and HC), we
also performed secondary analyses comparing plasma
biomarkers between FTLD subtypes in cases with patho-
logic confirmation. To explore the relationship between
AD pathophysiology and plasma biomarkers, we compared
participants with and without increased certainty of un-
derlying AD (as defined in the neuropathologic assessment
section). We assessed the clinical utility of plasma bio-
markers by calculating the areas under the receiver oper-
ator characteristic curve (AUC) for the differentiation
between FTLD-S, AD-S, and HC. To study longitudinal
changes in plasma biomarkers, we used linear mixed-effects
models controlling for age, sex, CDR+NACC/FTLD-SB,
and time between samples in the subset of participants
with 2 plasma samples (n = 123, mean time between
samples = 1.2 ± 0.4 years). We also used linear mixed-
effects analyses controlling for age, sex, and baseline dis-
ease severity (as measured by the CDR+NACC/FTLD-
SB) to predict longitudinal change as measured by the
CDR+NACC/FTLD-SB score at year 1 and year 2 after
baseline. To account for phenotypic heterogeneity, we
designed additional models for each sub phenotype in both
FTLD-S (bvFTD, SD, PSP, CBS, and ALS-FTD) and AD-
S groups (amnestic and nonamnestic presentation). We
used a compound symmetry covariance matrix in all linear-
mixed models, and we included random intercepts to ac-
count for the effect of baseline values. A term for biomarker
by time interaction was used to study the association be-
tween the baseline biomarker level and the outcome slope
(e.g., CDR+NACC/FTLD-SB) over time.

Between-group cortical thickness comparisons and correla-
tions between cortical thickness and plasma biomarkers were
performed in SPM12. For between-group comparison of
cortical thickness, age and sex were introduced as covariates in
2 multiple regression models comparing cortical thickness
between FTLD-S and healthy controls and AD-S and healthy
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controls. In these analyses, a significant statistical threshold of
p < 0.05, false discovery rate–corrected, was considered using
an extent threshold of the expected vertices per cluster.
Correlation of regional cortical thickness maps with plasma
t-tau and NfL concentrations was performed in FTLD-S and
AD-S groups using multiple regressions with individual
plasma biomarker levels as the variable of interest, and age and
sex as covariates. For correlation analyses, t-maps were
transformed to correlation coefficient maps with CAT12 and
a threshold of uncorrected p < 0.001 was set to detect mod-
erate correlation coefficients.

Survival was calculated from the date of blood draw until
death. Patients alive at analysis were censored at that date. For
survival analyses, we first evaluated the association of age at
diagnosis, sex, and disease severity at symptom onset with
survival in FTLD-S and AD-S. In FTLD-S, we controlled for
the clinical phenotype at plasma sampling. We applied Cox
regression analyses to estimate survival, controlling for age at
diagnosis, sex, disease severity at symptom onset, and primary
clinical phenotype (only in the FTLD-S group). We next
introduced plasma biomarkers in the Cox regression models
to test if plasma biomarkers were independent predictors of
survival. Of note, we checked that the assumption of pro-
portionality of hazards was fulfilled.

Statistical significance for all tests was set at 5% (α = 0.05), and
all statistical tests were 2-sided. All analyses were performed
using SPSS 25 (IBM Corp., Armonk, NY).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the UCSF Institutional Review
Board and was conducted following the Declaration of Hel-
sinki. All participants gave their written informed consent to
participate in the study.

Data Availability
The datasets analyzed during the current study are available
from the corresponding authors on reasonable request.

Results
Sample Composition and Demographics
From an initial sample of 304 participants with available
plasma t-tau measurements, we excluded 29 participants with
preclinical FTLD (asymptomatic mutation carriers), 9 par-
ticipants with a clinical or pathologic diagnosis of Lewy body
disease, and 1 participant with primary psychiatric disease.
The final sample included 265 participants: 167 FTLD-S (43
bvFTD, 28 nfvPPA, 18 svPPA, 36 PSP, 32 CBS, and 10 ALS-
FTD), 43 AD-S, and 55 HC. Age at plasma sampling, edu-
cation, MMSE, and CDR+NACC/FTLD-SB was similar in
FTLD-S and AD-S. The HC group, however, was younger
than both disease groups (table 1). Supplementary in-
formation on sample characteristics is shown in

supplementary table e-1 and supplementary table e-2 (10.
5061/dryad.12jm63xvv).

Relationship Between Plasma Biomarkers,
Age, and Clinical Measures
There were no correlations between plasma t-tau and NfL in
the total sample (r = −0.035, p = 0.58) or within any clinical
group (r = −0.02, p = 0.70; r = 0.02, p = 0.88; and r = −0.05, p =
0.71 for FTLD-S, AD-S, and HC, respectively). Age at plasma
sampling did not correlate with plasma t-tau concentrations in
any clinical group (r = 0.13, p = 0.08; r = 0.11, p = 0.44; and r =
−0.05, p = 0.67 for FTLD-S, AD-S, and HC, respectively). In
contrast, age and plasma NfL were moderately correlated in
AD-S and HC (r = 0.51 and r = 0.63, respectively, all p <
0.001), but not in FTLD-S (r = 0.02, p = 0.79). In the whole
sample, plasma NfL correlated with MMSE (r = −0.26, p <
0.001), the language and executive cognitive composites (r =
−0.22 and r = −0.22, respectively, all p < 0.001), and
CDR+NACC/FTLD-SB (r = 0.41, p < 0.001) scores. When
we restricted the analyses to each clinical group, however,
only CDR+NACC/FTLD-SB correlated with plasma NfL in
AD-S (r = 0.52, p = 0.003).

Relationship Between Plasma and
CSF Biomarkers
Plasma and CSF t-tau did not correlate with each other in the
general sample or in any clinical group (general sample r =
0.01, p = 0.19; FTLD-S r = 0.09, p = 0.34; AD-S r = −0.17, p =
0.41; and HC r = −0.14, p = 0.36). Conversely, plasma NfL
and CSF NfL concentrations were strongly correlated in all
clinical groups (r = 0.82, r = 0.63, r = 0.64, and r = 0.66, in the
general sample, FTLD-S, AD-S, and HC, respectively, all p <
0.001).

Differences in Plasma t-Tau and NfL
Concentrations by Clinical Group
There were differences in plasma NfL, but not t-tau, con-
centrations among FTLD-S, AD-S, and controls (figure 1, A
and B). Plasma NfL concentrations in FTLD-S (50.2 ± 31
pg/mL) were higher than in AD-S and HC (28.5 ± 11 pg/
mL and 12.1 ± 4 pg/mL, p < 0.001 and p < 0.001, re-
spectively). Plasma NfL concentrations were also higher in
AD-S than HC (p < 0.001). As shown in figure 1, C and D,
within the FTLD-S group, the ALS-FTD subgroup showed
low plasma t-tau (1.6 ± 0.9 pg/mL) and high plasma NfL
concentrations (99.1 ± 46 pg/mL), compared to other
clinical phenotypes. All the FTLD-S subgroups had higher
plasma NfL concentrations than AD-S. Of note, participants
in the FTLD-S group without a mutation had similar plasma
NfL concentrations (46.1 ± 23 pg/mL) compared to GRN
(88.1 ± 60 pg/mL, p = 0.43) andMAPT (30.1 ± 17 pg/mL, p
= 0.89) mutation carriers, but lower than those with a
C9orf72 repeat expansion (88.1 ± 57, p = 0.049). Plasma
t-tau concentrations, however, did not differ between mu-
tation carriers and sporadic FTLD-S. Of note, we observed
almost identical differences in plasma biomarkers between
clinical groups after excluding ALS-FTD participants and
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participants with FTLD-related mutations (supplementary
table e-3, 10.5061/dryad.12jm63xvv).

Plasma t-Tau and NfL in Pathologically
Confirmed FTLD
We refer to FTLD-tau and FTLD-TDP cases as those with
autopsy-proven diagnosis, or either a FTLD-TDP mutation
(C9orf72 and GRN) or a FTLD-tau mutation (MAPT). Of
note, 9 of the pathology-proven FTLD-TDP (6 C9orf72, 3
GRN) and 2 of the FTLD-tau cases were also mutation car-
riers. Plasma t-tau concentrations did not differ between
FTLD subtypes (figure 1E). Plasma NfL concentrations were
higher in the FTLD-TDP subgroup (85.6 ± 46 pg/mL)
compared to the FTLD-tau subgroup (50.4 ± 26 pg/mL; p =

0.001). The effect size of this difference was small but
remained significant after accounting for age, sex, and disease
severity at plasma sampling (p < 0.001; partial η2 = 0.20), and
also when the analysis was restricted to FTLD-causing mu-
tation carriers without neuropathologic confirmation (p <
0.001; partial η2 = 0.19) or after excluding ALS-FTD cases (p
= 0.015; partial η2 = 0.09).

Plasma t-Tau and NfL in Pathology-Confirmed
AD and in FTLD with AD Copathology or
Positive Amyloid PET
As shown in figure 1F, both FTLD-tau and FTLD-TDP
pathologic groups had higher plasmaNfL concentrations than
the pathologically confirmed AD group or positive amyloid

Table 1 Sample Characteristics

Characteristics FTLD-S AD-S HC p Value

Number (%) 167 (63) 43 (16) 55 (21) —

Age, y 65.8 ± 8* 65.2 ± 10* 52.2 ± 13†‡ <0.001a

Sex, male/female 83/84 16/27 25/30 0.334

Education, y 15.8 ± 3* 16.4 ± 2 17.1± 2† 0.005a

MMSE 23.1 ± 7* 21.5 ± 6* 28.9 ± 1†‡ <0.001a

CDR+NACC/FTLD-SBb 6.8 ± 3* 6.6 ± 3* 0 ± 0†‡ <0.001a

Longitudinal plasma sample, n (%) 72 (43) 27 (63) 24 (44) 0.063

Clinical syndrome at plasma sampling 43 bvFTD
28 nfvPPA
18 svPPA
36 PSP
32 CBS
10 ALS-FTD

36 Amnestic
7 Nonamnestic

— —

Clinical follow-up time, y 2.7 ± 1 3.1 ± 2 2.5 ± 2 0.111

Deceased, n (%) 97 (58)* 18 (42)* 0 (0)†‡ <0.001a

Main pathologic diagnosis 50 FTLD-tauc

18 FTLD-TDPd

2 FTLD-FUS

12 AD — —

Genetic cases, n 11 C9orf72
7 GRN
4 MAPT

1 PSEN — —

Plasma biomarkers

t-Tau, pg/mLe, median (Q1, Q3) 2.2 (1.8, 2.9)ns 2.5 (1.9, 3.2)ns 2.2 (1.8, 2.7)ns p = 0.427
η2 = 0.01f

NfL, pg/mL,e median (Q1, Q3) 43.4 (28.9, 60.7)*‡ 26.0 (20.5, 35.9)*† 11.1 (8.1, 15.1)†‡ p < 0.001a

η2 = 0.32f

Abbreviations: AD-S = Alzheimer disease syndromes; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal dementia; bvFTD = behavioral variant
frontotemporal dementia; CBS = corticobasal syndrome; CDR+NACC/FTLD-SB = Clinical Dementia Rating plus National Alzheimer’s Coordinating Center FTLD
sum of boxes; FTLD = frontotemporal lobar degeneration; FTLD-S = frontotemporal lobar degeneration syndromes; HC = healthy control; MMSE = Mini-
Mental State Examination; NfL = neurofilament light; nfvPPA = nonfluent/agrammatic variant of primary progressive aphasia; PSP = progressive supranuclear
palsy; svPPA = semantic variant of primary progressive aphasia; t-tau = total tau.
Values reported are mean ± SD unless otherwise noted.
a Statistically significant results.
b Data available in 237 (89%) of the participants: 161 (94%) FTLD-S, 33 (83%) AD-S, and 43 (78%) HC.
c Including 2 participants with MAPT mutation.
d Including 6 participants with C9orf72 and 3 participants with GRN mutation.
e These variables were not normally distributed across groups andwere log-transformed to achieve normality before the statistical analyses: *different from
HC; †different from FTLD-S; ‡different from AD-S.
f Analysis of covariance adjusted for age at plasma sampling, sex, and CDR–sum of boxes. η2 = partial eta square.
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PET. Since a significant proportion of patients with FTLD-S
were found to have some degree of comorbid AD (table 1),
we also investigated whether plasma t-tau and NfL concen-
trations varied between participants with increased certainty
of underlying AD (either positive amyloid PET or at least
intermediate AD likelihood on autopsy, n = 43) and partici-
pants without AD (n = 103, negative amyloid PET or absent/
low comorbid AD at autopsy). There were no differences in
plasma t-tau or NfL concentrations regarding presence or
absence of AD pathophysiology.

Diagnostic Value of Plasma t-Tau and NfL
Plasma t-tau had no diagnostic utility to differentiate be-
tween FTLD-S and AD-S (AUC 0.58, 95% CI 0.49–0.68, p

= 0.085), FTLD-S and healthy controls (AUC 0.54, 95% CI
0.45–0.63, p = 0.414), or AD-S and healthy controls (AUC
0.56, 95% CI 0.44–0.68, p = 0.333). In contrast, plasma NfL
showed an excellent performance in the differentiation of
FTLD-S from HC (AUC 0.97, 95% CI 0.95–0.99, p <
0.001) and of AD-S from controls (AUC 0.94, 95% CI
0.89–0.98, p < 0.001), but a poor performance for the
discrimination between FTLD-S and AD-S (AUC 0.75,
95% CI 0.68–0.82, p < 0.001) (figure 2). Of note, we ob-
served almost identical diagnostic performance for plasma
t-tau and NfL after excluding ALS-FTD participants and
participants with FTLD-related mutations (supplementary
figure e-1, 10.5061/dryad.12jm63xvv). Importantly, the
combination of plasma NfL and plasma t-tau in a ratio did

Figure 1 Group Differences in Plasma Total Tau (t-Tau) and Neurofilament Light (NfL) Concentrations

Group differences in the plasma levels of t-tau (A) and NfL (B) between themain clinical groups. Group differences in the plasma levels of t-tau (C) and NfL (D)
between frontotemporal lobar degeneration syndromes (FTLD-S) subgroups, the Alzheimer disease syndromes (AD-S) group, and healthy controls. Differ-
ences in the plasma levels of t-tau (E) and NfL (F) betweenmajor neuropathologic subtypes. In (E, F), participants with C9orf72 (n = 11) orGRN (n = 7) mutations
were included in the FTLD-TDP group (n = 27), while participants with a MAPT mutation (n = 4) were included in the FTLD-tau group (n = 52). The Alzheimer
disease (AD) group in (E, F) included all AD-S with pathologic confirmation of AD or a positive amyloid PET (n = 30). *p < 0.001, Bonferroni post hoc test. a:
Inferior to all other groups (p < 0.05, Bonferroni post hoc test) expect nonfluent/agrammatic variant of primary progressive aphasia (nfvPPA) (p = 0.08). b:
Superior to all other groups (p < 0.05, Bonferroni post hoc test). c: Inferior to all other groups (p < 0.05, Bonferroni post hoc test). ns: no statistically significant
differences between groups (p > 0.05). bvFTD = behavioral variant frontotemporal dementia; CBS = corticobasal syndrome; FTD-ALS = frontotemporal
dementia with amyotrophic lateral sclerosis; FTLD = frontotemporal lobar degeneration; HC = healthy control; PSP = progressive supranuclear palsy; svPPA =
semantic variant of primary progressive aphasia.
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not improve the diagnostic performance of plasma NfL
alone.

Longitudinal Changes in Plasma t-Tau and NfL
We explored the longitudinal changes in tau and NfL plasma
concentrations in the subgroup of participants with a second
longitudinal sample available. After controlling for age, sex,
baseline CDR+NACC/FTLD-SB, and time between samples,
we observed a significant increase in plasma NfL concentra-
tions in FTLD-S and AD-S compared to baseline but not in
healthy controls (supplementary figure e-2, 10.5061/dryad.
12jm63xvv). Conversely, we did not observe longitudinal
changes in t-tau concentrations in any diagnostic group
(supplementary figure e-2).

Relationship Between Baseline Plasma
Biomarkers and Clinical Progression
Figure 3 shows the association between baseline plasma t-tau
and NfL concentrations and longitudinal disease severity,
measured by the CDR+NACC/FTLD-SB. In FTLD-S,
baseline plasma t-tau concentrations were associated with
worse decline (3.7 points change in CDR+NACC/FTLD-SB
score per log t-tau pg/mL increase per year, 95%CI 1.4 to 6.0,
p = 0.006). However, this effect was evident only in the
bvFTD and PSP FTLD-S subgroups (3.6 points change in
CDR+NACC/FTLD-SB, 95% CI 0.1–7.1, p = 0.015 and 11.8
points change in CDR+NACC/FTLD-SB, 95% CI 0.3–23.3,
p = 0.023) and was not observed in the AD-S group. In
contrast, baseline plasma NfL concentrations related to faster
annual worsening in both FTLD-S (2.4 point change per log
NfL ng/mL increase per year, 95% CI 0.78–2.4, p < 0.001)
and AD-S (4.6 points change per log NfL ng/mL increase per

year, 95% CI 1.2–5.5, p = 0.002). The relationship between
baseline NfL and worse disease severity was significant in all
FTLD-S subgroups (except for nfvPPA and CBS) and both
typical amnestic and nonamnestic AD presentations (sup-
plementary table e-4, 10.5061/dryad.12jm63xvv). The com-
bination of plasma NfL and tau levels did not improve the
ability of plasma NfL alone to predict longitudinal CDR+-
NACC/FTLD-SB score changes.

Relationship Between Plasma Biomarkers and
Cortical Thickness
When compared to the HC group, the FTLD-S group showed
expected decreases in cortical thickness in dorsolateral prefrontal,
superior frontal, inferior frontal, temporal poles, and medial and
lateral temporal regions. The AD-S group also showed the
expected pattern of atrophy in temporal and parietal regions
(figure 4, A and B). Plasma t-tau concentrations did not correlate
with cortical thickness in either the FTLD-S or AD-S groups
(figure 4, C and D). In contrast, plasma NfL showed strong
correlations with cortical thickness in frontal regions in FTLD-S
and the right lateral temporal lobe, right inferior parietal, and left
superior frontal in the AD-S group (figure 4, E and F).

Survival Analyses
As shown in table 2, in FTLD-S, only the clinical phenotype was
independently associated with shorter survival, whereas in AD-S,
only the CDR+NACC/FTLD-SB score was independently as-
sociated with shorter survival. When we introduced plasma
biomarkers in the Cox regression models, only in FTLD-S,
plasma NfL, but not plasma t-tau, predicted survival after ac-
counting for age at plasma sampling, CDR+NACC/FTLD-SB,
sex, and clinical phenotype. Figure 5 shows example survival

Figure 2 Diagnostic Value of Plasma Total Tau (t-Tau) and Neurofilament Light (NfL) for the Differentiation of Fronto-
temporal Lobar Degeneration Syndromes (FTLD-S), Alzheimer Disease Syndromes (AD-S), and Healthy Controls
(HC)

Diagnostic value of plasma t-tau (A) and NfL (B) for the differentiation of FTLD-S, AD-S, and HC. AUC = area under the curve.
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curves in the FTLD-S group after a median split of baseline
plasma t-tau and NfL concentrations. FTLD-S participants with
high NfL concentrations (≥42 pg/mL) showed increased mor-
tality compared to those with low concentrations (<42 pg/mL,
log-rank 14.4, p < 0.001). Neither plasma t-tau nor plasma NfL
predicted survival in the AD-S group (table 2).

Discussion
The goal of this multimodal biomarker study was to compare
the diagnostic and prognostic value of plasma t-tau and NfL in
FTLD-S and AD-S participants with deep clinical, neuro-
psychological, and neuroimaging phenotyping.We observed a
striking contrast between the clinical performances of plasma
t-tau and NfL. The main findings of this study are that (1)
only plasma NfL provided between-group clinical discrimi-
nation, predicted disease progression and survival, and cor-
related with neuroimage measures of neurodegeneration; and
(2) the combination of plasma NfL and plasma t-tau did not
improve the performance of plasma NfL alone. Plasma NfL
was higher in both FTLD-S and AD-S than HC, and it was
higher in FTLD-S compared to AD-S. Within FTLD-S, the

highest plasma NfL levels were observed in the ALS-FTD
subgroup. In both FTLD-S and AD-S, plasma NfL correlated
with faster disease progression, and in FTLD-S, it was asso-
ciated with shorter survival. Also, plasma NfL correlated with
reduced frontal cortical thickness in FTLD-S and with re-
duced cortical thickness in parietotemporal regions in AD-S.
In pathology-confirmed cases, plasma NfL was higher in
FTLD than AD, and in FTLD-TDP, compared to FTLD-tau,
independently of the inclusion of FTLD-related mutations. In
marked contrast, plasma t-tau showed none of these associ-
ations, except for being low in ALS-FTD, compared to other
FTLD phenotypes, and an association with more aggressive
disease course in FTLD-S. Most pathology-confirmed FTLD
cases had at least some degree of AD co-pathology, but this
did not influence the performance of plasma t-tau or NfL.
This adds to accumulating evidence supporting that t-tau and
NfL reflect different aspects of neurodegeneration and pro-
vide different information compared to other neuro-
degeneration biomarkers, such as FDG-PET, or structural
neuroimaging biomarkers, and that their longitudinal trajec-
tories may be differently affected by demographic variables or
disease stage.34 These results are particularly relevant for the
application of biomarker-based classification systems.34

Figure 3 Estimates of Annualized Clinical Deterioration as a Function of Baseline Plasma Biomarkers in Frontotemporal
Lobar Degeneration Syndromes (FTLD-S) and Alzheimer Disease Syndromes (AD-S)

Clinical Dementia Rating plus National
Alzheimer’s Coordinating Center FTLD
sum of boxes (CDR+NACC/FTLD-SB) es-
timates were obtained from linear
mixed-effects models adjusted for age,
sex, and basal CDR+NACC/FTLD-SB. For
illustrative purposes, we show the
groups with high levels of plasma bio-
marker (higher than the median) and
low levels of plasma biomarker (lower
than the median). Error bars represent
95% confidence intervals. NfL = neuro-
filament light.
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Tau is a microtubule-stabilizing protein encoded by MAPT
and has been implicated in the pathophysiology of AD and
FTLD. Tau hyperphosphorylation leads to the formation of
paired helical filaments that aggregate in neurofibrillary tan-
gles, a defining pathologic hallmark of AD.3 Elevated CSF
levels of t-tau and p-tau are considered markers of neuro-
degeneration and tau pathology in AD and are used in the
clinical setting to increase the diagnostic certainty of AD,1 and
together with CSF Aβ42 recommended for diagnostic use in
the Alzheimer’s Association Appropriate Use Criteria for CSF
testing in the diagnosis of AD.35 High CSF t-tau relates to
clinical progression in AD36 and FTLD.37 Only a single pre-
vious study, however, investigated plasma t-tau levels in
FTLD-S.38 In that study, plasma t-tau was elevated in bvFTD,
PPA, and symptomaticMAPTmutation carriers, but the effect
sizes were small, pathologic data were not available, and
analyses for prediction of disease progression with clinical
scales, neuropsychological testing, and survival were not
conducted. In agreement with our results, no associations
were found between plasma t-tau and baseline measures of
disease severity or brain volume and AD pathophysiology (as
measured by the CSF tau/Aβ1–42 ratio).

38 Also in agreement
with the present results are those from 2 large AD cohorts, in
which plasma t-tau was associated with faster clinical de-
cline.13 Plasma t-tau was weakly elevated and correlated with
more severe longitudinal hypometabolism in patients with
AD compared to controls.13

Studies of plasma t-tau in AD and FTLD, including the
present one, have found no relationship between plasma
and CSF t-tau.13 This may be related to differential ex-
pression of tau species in each compartment or different
sensitivities of the techniques used for detection. For ex-
ample, the CSF t-tau immunoassay used here relies on a
combination of monoclonal antibodies with epitopes in
the mid-protein region. In contrast, the plasma t-tau assay
detects epitopes going from the N-terminal region to the
more distal amino acid 224.39 This contrasts with a strong
correlation of plasma and CSF t-tau concentration in
Creutzfeldt-Jakob disease, in which the range of t-tau
concentrations and species in plasma and CSF is higher
than in AD or FTLD.40 In acute conditions, like traumatic
brain injury and hypoxic brain injury, plasma t-tau con-
centrations measured using the same technology as the
one employed here increase rapidly and show an apparent
half-life of around 10 hours,41 which contrasts with the
half-life of CSF t-tau, which is about 20 days.42 This may
also explain the weak correlation of plasma and CSF t-tau
and the poor diagnostic performance of plasma t-tau in
chronic neurodegeneration. The clinical performance of
plasma t-tau is in marked contrast with that of other AD
biomarkers in plasma. Specifically, plasma β-amyloid 42/
40 measured with mass spectrometry is strongly associated
with amyloid status determined with amyloid PET scan.43

We also recently observed that phosphorylated plasma tau
at threonine 181 differentiates autopsy-diagnosed AD
from FTLD with better accuracy than clinically diagnosed

or amyloid PET-defined cases.22 Together, the data sup-
port that plasma t-tau has a poor performance and will
likely be of little value at a single subject level. These re-
sults may be related to limitations of the methodology to
measure plasma t-tau, and the measurement of phos-
phorylated species of tau may have better clinical perfor-
mance, as suggested by recent studies.44

NfL has emerged as a nonspecific CSF and plasma biomarker
of neuronal injury in degenerative and nondegenerative dis-
orders.6 Our results add to a large body of evidence showing
that plasma or serum NfL concentrations are elevated in both
FTLD and AD, compared to healthy individuals,6 but it is
nonspecific and has weak discriminatory power between
FTLD and AD or between FTLD clinical subtypes. Our re-
sults, however, support that plasma NfL has high prognostic

Figure 4 Relationship Between Plasma Biomarkers and
Cortical Thickness in Frontotemporal Lobar De-
generation Syndromes (FTLD-S) and Alzheimer
Disease Syndromes (AD-S) Groups

Group comparison of cortical thickness between healthy controls (HC) and
FTLD-S (A) and AD-S (B). Correlation between basal plasma levels of tau and
cortical thickness in FTLD-S group (C); correlation between basal plasma
levels of total tau (t-tau) and cortical thickness in AD-S group (D); correlation
between basal plasma levels of NfL and cortical thickness in FTLD-S group
(E); correlation between basal plasma levels of NfL and cortical thickness in
AD-S group (F). For group comparisons, only clusters that survived false
discovery rate correction (p < 0.05) are shown. For correlation analyses (C–F),
the threshold for statistically significant correlation was set at p < 0.001.
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value in FTLD, including bvFTD,45 svPPA,46 FTD-ALS,47

and PSP5 clinical subtypes. This study also replicated the
findings of previous investigations supporting that, in AD,
high plasma NfL correlates with faster worsening in global
cognition and faster atrophy rates.4,15 Our results are also
consistent with earlier reports showing a high correlation
between plasma and CSF NfL.5 This further supports that
plasma NfL reflects brain pathophysiology,14 and that plasma
and CSF NfL may provide equivalent prognostic information,
with the added value of plasma being more convenient for
clinical use. In sharp contrast, plasma levels of t-tau only
predicted clinical decline in some clinical subgroups of FTLD-
S (bvFTD and PSP) but not in the whole FTLD-S and AD-S
groups. This finding does not support the role of t-tau as a
general marker of neurodegeneration. However, our results in
the AD-S group should be interpreted cautiously due to its
relatively small size and the lack of AD participants at the
preclinical stage. Of note, 2 recent studies suggested that
plasma t-tau could be an early surrogate marker of neuro-
degeneration in preclinical AD.48,49 Future studies should
precise the role of t-tau and other tau species in the AD
continuum and other tauopathies. The main contributions of
this study are the analyses of plasma NfL in relation to specific
pathology-confirmed FTLD subtypes and of its prognostic
value for survival estimates in FTLD-S. We studied a sizeable
FTLD-S cohort with available pathologic data (i.e., 70 cases or
42% of the FTLD-S sample). Plasma NfL was higher in
FTLD-TDP than FTLD-tau or AD, a result driven by high
plasma NfL concentrations in patients with ALS-FTD. Nev-
ertheless, the variability of plasma NfL is high, especially in
FTLD-TDP, which makes it a poor discriminator of FTLD
pathology subtypes.

This study has some limitations. The study is not represen-
tative of genetic FTLD forms, because it included only a small
number of participants with genetic FTLD and did not in-
clude prodromal forms of disease. Our results, however, are in
line with a recent European multicenter study of plasma NfL
in genetic FTLD.50 The results were not confirmed in a
replication cohort.

This study supports the superiority of plasma NfL compared
with plasma t-tau as a diagnostic and prognostic biomarker for
both FTLD-S and AD-S. Plasma t-tau may not be equivalent
to other blood-based neurodegeneration biomarkers, which
should be considered for the refinement of biomarker-based
classification schemes.

Acknowledgment
The authors thank the patients and their relatives for their
support for this study and the laboratory technicians at the
Clinical Neurochemistry Laboratory, University of Gothen-
burg, Sweden, for performing the biomarker analyses.

Study Funding
This study was supported by the Fondo de Investigaciones
Sanitario/Instituto de Salud Carlos III PI14/1561 and PI17/
01896 (A.L.); Alzheimer’s Association AARF-16-443577
(R.L.J.); Departament de Salut de la Generalitat de Cata-
lunya SLT002/16/00408 (A.L.); NIH K23AG059888
(J.C.R.); NIH K23AG061253 (A.M.S.); NIH K08 AG052648
(S.S.); NIH K24AG053435 (L.T.G.). I. Illán-Gala is sup-
ported by the Rio Hortega grant (CM17/00074) from Acción
Estratégica en Salud 2013-2016 and the Global Brain Health
Institute (Atlantic Fellow for Equity in Brain Health). H.

Table 2 Cox Proportional Hazard Models With Plasma Biomarkers Associated With Survival

Covariates

FTLD-S AD-S

Hazard ratio (95% CI) p Value Hazard ratio (95% CI) p Value

Age 1.01 (0.98–1.03) 0.657 0.99 (0.95–1.05) 0.887

Sex 1.09 (0.70–1.70) 0.706 1.02 (0.32–3.23) 0.969

CDR+NACC/FTLD-SB 1.07 (0.99–1.15) 0.062 1.31 (1.08–1.59) 0.007a

Phenotype 0.011a,b 2.22 (0.65–7.62) 0.204c

Plasma biomarkers

Plasma t-tau 0.80 (0.40–1.60) 0.514 0.98 (0.12–7.71) 0.984

Plasma NfL 1.95 (1.25–3.04) 0.003a,d 0.78 (0.06–9.30) 0.840

Abbreviations: AD-S = Alzheimer disease syndromes; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal dementia; bvFTD = behavioral variant
frontotemporal dementia; CBS = corticobasal syndrome; CDR+NACC/FTLD-SB = Clinical Dementia Rating plus National Alzheimer’s Coordinating Center FTLD
sum of boxes; CI = confidence interval; FTLD-S = frontotemporal lobar degeneration syndromes; NfL = neurofilament light; PSP = progressive supranuclear
palsy; svPPA = semantic variant of primary progressive aphasia; t-tau = total tau.
Age, sex, and CDR+NACC/FTLD-SB at baseline were introduced as covariates. The phenotype at plasma sampling in both FTLD-S (bvFTD, semantic dementia,
PSP, CBS, and ALS-FTD) and AD-S groups (amnestic vs nonamnestic presentation) was added as a covariate.
a Statistically significant results (p < 0.05).
b In the FTLD-S group, the diagnosis of bvFTD was associated with decreased survival compared to the svPPA diagnosis. In addition, diagnosis of ALS-FTDwas
associated with decreased survival when compared to bvFTD diagnosis.
c Baseline phenotype (amnestic nonamnestic presentation) was not associated with survival in the AD-S group.
d In the FTLD-S group, the addition of plasma NfL improved the model containing age, sex, CDR+NACC/FTLD-SB, and phenotype (χ2 = 8.796, p = 0.003).

e680 Neurology | Volume 96, Number 5 | February 2, 2021 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Zetterberg is a Wallenberg Scholar supported by grants from
the Swedish Research Council (2018-02532), the European
Research Council (681712), Swedish State Support for
Clinical Research (ALFGBG-720931) and the UK Dementia
Research Institute at UCL. K. Blennow is supported by the
Swedish Research Council (2017-00915), the Alzheimer
Drug Discovery Foundation (ADDF), USA (RDAPB-
201809-2016615), the Swedish Alzheimer Foundation (AF-
742881), Hjärnfonden, Sweden (FO2017-0243), the Swedish
state under the agreement between the Swedish government
and the County Councils, the ALF-agreement (ALFGBG-
715986), and European Union Joint Program for Neurode-
generative Disorders (JPND2019-466-236). A.M. Staffaroni
is also supported by the Larry L. Hillblom Foundation (2018-
A-025-FEL).

Disclosure
I. Illán-Gala reports no disclosures relevant to the manuscript. A.
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Figure 5 Kaplan-Meier Survival Curves for Total Tau (t-Tau) and Neurofilament Light (NfL) in Frontotemporal Lobar
Degeneration Syndromes (FTLD-S)

Kaplan-Meier survival curves in the FTLD-S group for t-tau (A) and NfL (B). High t-tau and high NfL represent levels superior to 2.2 ng/mL and 42 ng/mL,
respectively (median split).
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