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genetic risk of frontotemporal dementia
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indicators of disease severity. PlasmaNfL

thus holds promise as a susceptibility and

prognostic biomarker that can improve

patient care and FTD treatment

development.
ll

mailto:Gendron.Tania@mayo.edu
mailto:Petrucelli.Leonard@mayo.edu
https://doi.org/10.1016/j.xcrm.2022.100607
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100607&domain=pdf


OPEN ACCESS

ll
Article

Comprehensive cross-sectional and
longitudinal analyses of plasma neurofilament
light across FTD spectrum disorders
Tania F. Gendron,1,2,27,* Michael G. Heckman,3 Launia J. White,3 Austin M. Veire,1 Otto Pedraza,4 Alexander R. Burch,5

Andrea C. Bozoki,6 Bradford C. Dickerson,7 Kimiko Domoto-Reilly,8 Tatiana Foroud,9 Leah K. Forsberg,10

Douglas R. Galasko,11 Nupur Ghoshal,12,13 Neill R. Graff-Radford,5 Murray Grossman,14 Hilary W. Heuer,15

Edward D. Huey,16,17 Ging-Yuek R. Hsiung,18 David J. Irwin,19 Daniel I. Kaufer,6 Gabriel C. Leger,11 Irene Litvan,11

(Author list continued on next page)

1Department of Neuroscience, Mayo Clinic, Jacksonville, FL 32224, USA
2Mayo Clinic Graduate School of Biomedical Sciences, Mayo Clinic, Jacksonville, FL 32224, USA

3Division of Clinical Trials and Biostatistics, Mayo Clinic, Jacksonville, FL 32224, USA
4Department of Psychiatry & Psychology, Mayo Clinic, Jacksonville, FL 32224, USA
5Department of Neurology, Mayo Clinic, Jacksonville, FL 32224, USA
6Department of Neurology, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA
7Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA
8Department of Neurology, University of Washington, Seattle, WA 98104, USA
9Department of Medical and Molecular Genetics, Indiana University School of Medicine, Indianapolis, IN 46202, USA
10Department of Neurology, Mayo Clinic, Rochester, MN 55905, USA
11Parkinson andOtherMovement Disorder Center, Department of Neuroscience, University of California, San Diego, La Jolla, CA 92037, USA
12Department of Neurology, Washington University School of Medicine, St. Louis, MO 63110, USA
13Department of Psychiatry, Washington University School of Medicine, St. Louis, MO 63110, USA
14Department of Neurology, University of Pennsylvania, Philadelphia, PA 19104, USA
15Memory and Aging Center, Department of Neurology, Weill Institute for Neurosciences, University of California, San Francisco, San

Francisco, CA 94158, USA
16Department of Psychiatry, Taub Institute, Columbia University, New York, NY 10032, USA
17Department of Neurology, Taub Institute, Columbia University, New York, NY 10032, USA
18Centre for Brain Health, Department of Medicine, University of British Columbia, Vancouver, BC V6T 1Z3, Canada
19Department of Neurology, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA 19104, USA
20Nantz National Alzheimer Center, StanleyH. Appel Department of Neurology, HoustonMethodist Research Institute,Weill Cornell Medicine,

Houston, TX 77030, USA
21Department of Neurology, University of California at Los Angeles, Los Angeles, CA 90095, USA

(Affiliations continued on next page)
SUMMARY
Frontotemporal dementia (FTD) therapy development is hamstrung by a lack of susceptibility, diagnostic, and
prognosticbiomarkers.Bloodneurofilament light (NfL) showspromiseasabiomarker, but studies have largely
focusedonlyoncoreFTDsyndromes,oftengroupingpatientswithdifferentdiagnoses.Toexpedite theclinical
translation of NfL, we avail ARTFL LEFFTDSLongitudinal Frontotemporal Lobar Degeneration (ALLFTD) study
resources and conduct a comprehensive investigation of plasmaNfL across FTD syndromes and in presymp-
tomatic FTDmutation carriers. We find plasma NfL is elevated in all studied syndromes, including mild cases;
increases in presymptomatic mutation carriers prior to phenoconversion; and associates with indicators of
disease severity. By facilitating the identification of individuals at risk of phenoconversion, and the early diag-
nosis of FTD, plasma NfL can aid in participant selection for prevention or early treatment trials. Moreover, its
prognostic utility would improve patient care, clinical trial efficiency, and treatment outcome estimations.
INTRODUCTION

Frontotemporal dementia (FTD) is a term for disordersmarked by

behavior, language, executive function, and/or motor impair-

ments. Approximately 30% of FTD cases are genetic; mutations
Cell R
This is an open access article under the CC BY-N
in chromosome 9 open reading frame 72 (C9orf72), progranulin

(GRN), or microtubule-associated protein tau (MAPT) most often

being the cause.1 While FTD syndromes can have overlapping

symptoms,2 the dominant presenting feature in patients with

behavioral variant FTD (bvFTD), the most common FTD
eports Medicine 3, 100607, April 19, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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syndrome, is a change in personality or behavior associated with

executive dysfunction. Individuals with nonfluent and agram-

matic variant primary progressive aphasia (nfvPPA) experience

nonfluent speech output, agrammatism, and telegraphic

speech, while those with semantic variant PPA (svPPA) develop

word loss and object knowledge and comprehension deficits.

The FTD spectrum also includes bvFTD plus amyotrophic

lateral sclerosis (FTD-ALS) and the parkinsonian disorders corti-

cobasal syndrome (CBS) and progressive supranuclear palsy-

Richardson syndrome (PSP-RS).

Because of substantial clinical heterogeneitywithin and among

FTD syndromes, establishing methods to predict prognosis is an

important endeavor. Prognostic biomarkers improve drug devel-

opment by ensuring balanced patient groups (e.g., equal propor-

tions of slow and fast progressors) in clinical trial treatment arms

andbyproviding ameans to estimate therapeutic benefit. Studies

that investigated cerebrospinal fluid (CSF) neurofilament light

(NfL), a measure of neuroaxonal damage, as a biomarker of FTD

severity or progression found that higher CSF NfL generally pre-

dicts worse brain atrophy and neuropsychological performance

aswell as shorter survival.3–11Yetabloodbiomarker ismoreprac-

tical and economical, especially when monitoring biomarkers

longitudinally. Most of the largely cross-sectional studies exam-

ining the prognostic power of blood NfL for FTD focused on

bvFTD, nfvPPA, and svPPA,5,12–20 with studies on CBS and

PSP-RS being rare.21–23 In only some analyses did blood NfL

correlate with indicators of disease severity. The discrepant find-

ings amongstudiesmay result fromsmall cohort sizesandclinical

variability amongFTD syndromes. Indeed, several studies group-

ed patients with different syndromes together to increase statisti-

cal power, but doing so may mask associations of interest or

incorrectly ascribe findings to aparticular diagnostic group. There

is thus a need for more rigorous investigations on the prognostic

utility of blood NfL for FTD syndromes if this biomarker is to

become clinically useful.

Blood NfL may also improve patient care and treatment devel-

opment by aiding in the earlier diagnosis of FTD and monitoring

presymptomatic disease progression in individuals with FTD-

causing gene mutations. Therapies are expected to be most

effective when initiated early in the disease course and, until

there is a biomarker to forecast phenoconversion, recruiting pre-

symptomatic mutation carriers to prevention or early treatment

trials will remain challenging. Fortunately, findings suggest that

blood NfL increases as presymptomatic FTD mutation carriers

approach prodromal and disease stages.20,24–26 However,
2 Cell Reports Medicine 3, 100607, April 19, 2022
because the number of phenoconverters in each study was

small, additional investigations are crucial if we are to establish

whether NfL represents a viable phenoconversion biomarker.

Toward expediting the translation of plasma NfL to the clinic

and creating a major informational database for FTD investiga-

tors and the scientific community, we undertook a comprehen-

sive cross-sectional and longitudinal study to evaluate the

staging and prognostic utility of plasma NfL across FTD syn-

dromes. To do so, we availed the resources of the ARTFL

LEFFTDS Longitudinal Frontotemporal Lobar Degeneration

(ALLFTD) (http://www.allftd.org) study, which allowed us to

measure plasma NfL in the largest series of well-characterized

presymptomatic FTD mutation carriers and patients with

bvFTD, nfvPPA, svPPA, CBS, or PSP-RS.

RESULTS

Patient characteristics
Wemeasured baseline plasma NfL in clinically normal, mutation-

negative individuals in kindreds with an FTD-causing mutation

(controls; n = 144), presymptomatic individuals with a C9orf72

repeat expansion or a GRN or MAPT mutation (n = 85), and pa-

tients with sporadic or genetic bvFTD (n = 289), nfvPPA (n = 72),

svPPA (n = 84), CBS (n = 89), or PSP-RS (n = 124). Patients with

FTD-ALS (n = 25), ALS (n = 12), and mild cognitive or behavioral

changes (mild cognitive impairment [MCI]) (n = 57) were included

for comparison in some analyses. Demographic and clinical data

are presented in Table 1. Table S1 indicates the number of pre-

symptomatic phenoconverters, non-converters, and individuals

in other phenotype groups with baseline and longitudinal NfL

measures and for whom rates of change in NfL could be

determined.

Associations of baseline plasma NfL concentrations with age,

gender, and symptom duration (time from symptom onset to

plasma collection) are shown in Figures 1 and S1A–S1C and in

Table S2. After correction was made for multiple testing,

increased NfL was associated with older age in controls, pre-

symptomatic mutation carriers, and patients with bvFTD, CBS,

or MCI (p % 0.013) and with shorter symptom duration in pa-

tients with bvFTD (p = 0.002). NfL was higher in females than in

males for controls and bvFTD patients (p % 0.001). Because of

these associations, we discuss below data from analyses

adjusted for age and gender and, when relevant, also for symp-

tom duration and education. Data from unadjusted analyses are

provided in Tables S3–S6, S8, and S11–S13.

http://www.allftd.org
mailto:Gendron.Tania@mayo.edu
mailto:Petrucelli.Leonard@mayo.edu
https://doi.org/10.1016/j.xcrm.2022.100607


Table 1. Subject characteristics according to phenotype groups

Variable

Median (minimum, maximum) or no. (%) of subjects

Controls

(n = 144)

Presymptomatic

mutation carriers

(n = 85)

bvFTD

(n = 289)

nfvPPA

(n = 72)

svPPA

(n = 84)

CBS

(n = 89)

PSP-RS

(n = 124)

MCI

(n = 57)

FTD-ALS

(n = 25)

ALS

(n = 12)

Age at baseline (years) 53 (40, 80) 49 (40, 71) 62 (32, 85) 70 (49, 86) 66 (50, 88) 68 (40, 87) 69 (48, 82) 60 (27, 82) 61 (45, 75) 61 (48, 70)

Gender (male) 49 (34.0%) 41 (48.2%) 170 (58.8%) 33 (45.8%) 43 (51.2%) 46 (51.7%) 63 (50.8%) 29 (50.9%) 14 (56.0%) 8 (66.7%)

Age at symptom onset (years) NA NA 57 (26, 80) 64 (44, 81) 60 (17, 81) 64 (32, 82) 64 (47, 79) 53 (20, 78) 60 (35, 69) 59 (48, 69)

Symptom duration at baseline (years) NA NA 5 (0, 32) 4 (1, 12) 6 (1, 34) 4 (0, 32) 5 (1, 20) 3 (0, 54) 3 (1, 15) 2 (0, 10)

Mutation status

None 144 (100.0%) 0 (0.0%) 188 (67.6%) 62 (89.9%) 78 (94.0%) 75 (89.3%) 115 (98.3%) 28 (50.0%) 17 (68.0%) 4 (33.3%)

C9orf72 0 (0.0%) 35 (41.2%) 43 (15.5%) 1 (1.4%) 2 (2.4%) 2 (2.4%) 1 (0.9%) 15 (26.8%) 8 (32.0%) 8 (66.7%)

GRN 0 (0.0%) 26 (30.6%) 15 (5.4%) 6 (8.7%) 1 (1.2%) 5 (6.0%) 0 (0.0%) 7 (12.5%) 0 (0.0%) 0 (0.0%)

MAPT 0 (0.0%) 22 (25.9%) 28 (10.1%) 0 (0.0%) 0 (0.0%) 1 (1.2%) 1 (0.9%) 6 (10.7%) 0 (0.0%) 0 (0.0%)

C9orf72 and GRN 0 (0.0%) 2 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Other 0 (0.0%) 0 (0.0%) 4 (1.4%) 0 (0.0%) 2 (2.4%) 1 (1.2%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Unknown 0 0 11 3 1 5 7 1 0 0

Years of education 16 (12, 22) 16 (10, 22) 16 (6, 26) 16 (10, 24) 16 (12, 21) 16 (12, 26) 16 (12, 24) 16 (9, 20) 16 (12, 20) 16 (12, 18)

CDR + NACC-FTLD global score

0 144 (100.0%) 85 (100.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (2.2%) 1 (0.8%) 1 (1.8%) 1 (4.0%) 3 (25.0%)

0.5 0 (0.0%) 0 (0.0%) 19 (6.6%) 27 (37.5%) 11 (13.1%) 24 (27.0%) 22 (17.7%) 56 (98.2%) 2 (8.0%) 5 (41.7%)

1 0 (0.0%) 0 (0.0%) 96 (33.2%) 31 (43.1%) 48 (57.1%) 38 (42.7%) 49 (39.5%) 0 (0.0%) 9 (36.0%) 1 (8.3%)

2 0 (0.0%) 0 (0.0%) 148 (51.2%) 12 (16.7%) 24 (28.6%) 22 (24.7%) 42 (33.9%) 0 (0.0%) 10 (40.0%) 3 (25.0%)

3 0 (0.0%) 0 (0.0%) 26 (9.0%) 2 (2.8%) 1 (1.2%) 3 (3.4%) 10 (8.1%) 0 (0.0%) 3 (12.0%) 0 (0.0%)

Number of individuals with

longitudinal plasma samples

79 58 39 10 2 14 10 18 – –

Number of plasma visits

2 41 (51.9%) 27 (46.6%) 23 (59.0%) 5 (50.0%) 2 (100.0%) 9 (64.3%) 6 (60.0%) 7 (38.9%) – –

3 30 (38.0%) 19 (32.8%) 12 (30.8%) 4 (40.0%) 0 (0.0%) 5 (35.7%) 3 (30.0%) 6 (33.3%) – –

4 8 (10.1%) 12 (20.7%) 4 (10.3%) 1 (10.0%) 0 (0.0%) 0 (0.0%) 1 (10.0%) 5 (27.8%) – –

Time from baseline to last

plasma sampling (years)

1.9 (0.5, 3.8) 2.0 (0.7, 3.8) 1.2 (0.5, 3.2) 0.2 (1.1, 3.1) 1.1 (1.0, 1.3) 0.8 (0.4, 3.1) 0.8 (0.5, 3.2) 2.1 (1.0, 3.4) – –

Other mutations include an intermediate C9orf72 expansion (n = 1 CBS patient), a likely pathogenic GRN variant (n = 1 bvFTD patient), and TARDBP mutations (n = 3 bvFTD patients and n = 2

svPPA patients). Data for age at symptom onset and for symptom duration at baseline were not available for one patient with nfvPPA, two patients with MCI, and two patients with FTD-ALS,

CDR + NACC-FTLD, CDR Dementia Staging Instrument plus behavior and language domains from the National Alzheimer’s Disease Coordinating Center FTLD module.

See also Table S1.
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Figure 1. Plasma NfL concentrations associate with age, gender, and symptom duration in some phenotype groups

Associations of baseline NfL concentrationswith age (A), gender (B), and symptomduration (C) assessed using linear regressionmodels adjusted for age, gender,

and symptom duration. b coefficients (b), 95% confidence intervals (CIs), and p values are shown for significant associations, where p < 0.025 is considered

significant for controls and presymptomatic mutation carriers and p <0.0167 is considered significant for symptomatic groups. In (B), black horizontal bars

represent median NfL concentrations. Gray circles represent 11 bvFTD patients and five CBS patients with unknown mutation status, one bvFTD patient with a

likely pathogenic GRN variant and three with a TARDBP mutation, and one CBS patient with an intermediate C9orf72 repeat expansion. NfL in plasma samples

was measured in duplicate, and the mean concentration of replicates is shown on the base 10 logarithm scale. See Figures S1A–S1C to view NfL concentrations

on the linear scale and also see Table S2. The number of individuals per group (n) is shown in figure panels and in Tables 1 and S1.
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Plasma NfL is elevated in FTD and discriminates
controls from patients with mild to severe impairment
We compared baseline plasma NfL concentrations between

controls and presymptomatic carriers with all groups (Figures 2A

and S1D; Tables S3 and S4). Presymptomatic individuals had

higher NfL compared with controls (p < 0.001), which may be

driven by their eventual phenoconversion. Indeed, compared

to controls and to the 43mutation carriers who remained asymp-

tomatic for at least 1 year from baseline, the 14 presymptomatic
4 Cell Reports Medicine 3, 100607, April 19, 2022
carriers who later phenoconverted had higher NfL (p < 0.001;

Figures 2B and S1E; Table S5). NfL was also higher in non-con-

verters than in controls (p = 0.006). The 28 presymptomatic indi-

viduals for whom conversion status could not be determined

because of limited follow-up data (Table S1) were excluded

from these analyses. For phenoconverters, median time from

baseline to conversion was 1.3 years (range: 1.0–2.8 years),

whereas median time from baseline to last follow-up for non-

converters was 2.2 years (range: 1.0–4.8 years).



(legend on next page)
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Baseline NfL was also higher in each symptomatic group than

in controls, and it was higher in all groups except MCI in compar-

ison to presymptomatic carriers (p < 0.001; Figures 2A and S1D;

Table S3). Results were similar after stratification by symptom

duration (Table S4). Compared to NfL levels in controls or pre-

symptomatic individuals, NfL was elevated even for patients

with only questionable or minimal impairment as determined

by a global score of 0 or 0.5 on the CDRDementia Staging Instru-

ment plus behavior and language domains from the National Alz-

heimer’s Disease Coordinating Center Frontotemporal Lobar

Degeneration module (CDR + NACC-FTLD)27 (p % 0.003; Fig-

ure 2C; Table S6).

When making baseline NfL pairwise comparisons between

symptomatic groups, no difference in NfL levels was detected

among bvFTD, nfvPPA, svPPA, CBS, or PSP-RS (Figures 2A

and S1D; Table S7). However, NfL was higher in ALS

(p < 0.001) than in any other group except FTD-ALS, and it

was lower in MCI (p < 0.001) than in any other group.

We examined whether baseline NfL could distinguish controls

from symptomatic groups by estimating the area under receiver

operating characteristic (AUC) curves. Age- and gender-

adjusted AUC values were lowest for MCI (AUC = 0.68). AUCs

for other symptomatic groups ranged from 0.82 to 0.97, indi-

cating good to excellent discriminatory ability (Figure 2D;

Table S3). When determining whether baseline NfL could distin-

guish presymptomatic carriers from symptomatic groups, we

noted the lowest adjusted AUC value for MCI (AUC = 0.57),

with other adjusted AUC estimates ranging from 0.69 to 0.93

(Table S3). Results were similar when we stratified by symptom

duration (Table S4) and when we considered only patients with

a global FTLD-CDRscore of 0or 0.5 (Figure 2D; TableS6). Finally,

we assessed whether baseline NfL distinguishes presymptom-

atic phenoconverters from non-converters or controls. We found

moderate to good discriminatory ability; NfL levels differentiated

between controls and converters with an adjusted AUC of 0.85

and between non-converters and converters with an adjusted

AUC of 0.78. A NfL cutoff of >10 pg/mL identified 57.1% of con-

verters, 20.8% of controls, and 30.2% of non-converters.

Baseline plasma neurofilament by mutation status
We examined baseline NfL bymutation status for cohorts having

at least 30% of individuals with a mutation in C9orf72, GRN, or

MAPT (i.e., clinically normal individuals [controls or presymp-

tomatic mutation carriers] and patients with MCI or bvFTD;
Figure 2. Baseline plasma NfL is elevated in presymptomatic mutation

(A) Comparison of baseline plasma NfL between healthy controls or presymptom

(B) Comparison of baseline NfL between presymptomatic carriers who phenoconv

at least 1 year.

(C) Comparison of baseline NfL between controls or presymptomatic carriers a

of 0 or 0.5.

(D) Heatmap showing AUCs comparing controls to the indicated groups that inc

NACC-FTLD global score of 0 or 0.5 (mildly impaired) from unadjusted or age- a

(E) Comparison of baseline plasmaNfL between non-mutation carriers andmutatio

in (E) do not include the two presymptomatic carriers with a mutation in both C9

***p < 0.001 and **p < 0.01, comparison to controls; ###p < 0.001 and ##p = 0.

presymptomatic non-converters. Horizontal bars represent median NfL concen

concentration of replicates is shown on the base 10 logarithm scale. See Figures S

see also Tables S3–S7. Relating to (E), see also Tables S8 and S9. The number

6 Cell Reports Medicine 3, 100607, April 19, 2022
Figure 2E; Table S8). The previously seen increase in NfL in pre-

symptomatic individuals compared to controls appeared most

prominent forC9orf72 (p = 0.004) andMAPT (p < 0.001) mutation

carriers, with a weaker increase for GRN carriers (p = 0.066).

However, NfL levels did not differ among mutation groups

(Table S9). Compared to bvFTD patients with no mutation, only

GRN carriers had higher NfL (p < 0.001; Table S8). NfL was

also higher in GRN carriers with bvFTD than in C9orf72 and

MAPT carriers (p < 0.001; Table S9). There was no difference

in NfL between MCI patients with or without a mutation

(Table S8).

Plasma NfL correlates with indicators of disease
severity
To determine the prognostic potential of plasma NfL, we evalu-

ated, for each FTD spectrum disorder separately and for all

groups combined, associations of baseline NfL with baseline in-

dicators of clinical severity (CDR + NACC-FTLD sum of boxes

[sb]), global cognitive function (Montreal Cognitive Assessment

[MoCA]), social changes (Social Norms Questionnaire [SNQ]),

language deficits (Northwestern Anagram Test [NAT]; Multilin-

gual Naming Test [MINT]; phonemic fluency; category fluency),

and executive dysfunction (Digit Span Forward and Backward;

Trail Making Test Part B [Trails B]). Test scores by group are pro-

vided in Table S10.

Higher NfL associated with worse performance on all tests for

all FTD groups combined and for bvFTD alone (p % 0.003; Ta-

bles 2 and S11). Significant (p < 0.005) or nominally significant

(p < 0.05) associations with NfL were seen for nfvPPA (Digit

Span Forward), svPPA (CDR + NACC-FTLDsb, MoCA, NAT,

MINT, phonemic and category fluency, and Digit Span Back-

ward), CBS (CDR + NACC-FTLDsb, phonemic fluency, and Digit

Span Backward), PSP-RS (MoCA, SNQ, phonemic and category

fluency, Digit Span Forward and Backward, and Trails B), and

MCI (CDR + NACC-FTLDsb and MoCA). For these smaller

phenotype groups, where power to detect associations is lower,

estimated b coefficients were similar or stronger than those

observed for the larger bvFTD group.

We also evaluated whether baseline NfL associates with rates

of change in indicators of disease severity for individuals with lon-

gitudinal clinical data spanning at least 1 year from baseline.

This allowed the study of bvFTD patients alone and patients

with bvFTD, nfvPPA, svPPA, CBS, and PSP-RS combined

(TableS12). In bvFTDpatients, increasedbaselineNfL associated
carriers and all symptomatic groups

atic mutation carriers and symptomatic groups.

erted and controls or presymptomatic carriers who remained asymptomatic for

nd patients in symptomatic groups with a CDR + NACC-FTLD global score

lude all individuals of a given group (all subjects) or only those with an CDR +

nd gender-adjusted analyses.

n carriers for clinically normal individuals and patients with bvFTD orMCI. Data

orf72 and GRN. p values are from analysis adjusted for age and gender.

003, comparison to presymptomatic carriers; ǂǂǂp < 0.001, comparison with

trations. NfL in plasma samples was measured in duplicate, and the mean

1D and S1E to view NfL concentrations on the linear scale. Relating to (A)–(D),

of individuals per group (n) is shown in figure panels and in Tables 1 and S1.



Table 2. Associations of baseline NfL with indicators of disease severity

Association between NfL and:

Phenotype

group

CDR + NACC-

FTLDsb MoCA SNQ NAT MINT

Phonemic

fluency

Category

fluency

Digit span

forward

Digit span

backward Trails B

All FTD

groups

n = 658 n = 593 n = 543 n = 483 n = 563 n = 579 n = 579 n = 582 n = 576 n = 441

b (95% CI) 0.04

(0.03, 0.06)a
�2.22

(�2.79, �1.65)a
�0.92

(�1.19, �0.64)a
�0.88

(�1.15, �0.61)a
�2.13

(�2.96, �1.30)a
�4.10

(�4.87, �3.33)a
�4.00

(�4.94, �3.07)a
�0.50

(�0.73, �0.27)a
�0.81

(�1.04, �0.58)a
15.87

(6.66, 25.09)a

p value <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a

bvFTD n = 289 n = 267 n = 236 n = 215 n = 251 n = 255 n = 252 n = 263 n = 257 n = 179

b (95% CI) 0.06

(0.04, 0.09)a
�2.33

(�3.10, �1.56)a
�1.11

(�1.51, -�0.72)a
�1.05

(�1.43, �0.68)a
�2.31

(�3.27, �1.35)a
�5.00

(�6.03, �3.96)a
�5.37

(�6.64, �4.09)a
�0.50

(�0.82, �0.18)a
�0.96

(�1.30, �0.62)a
18.73

(6.34, 31.13)a

p value <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a <0.001a 0.002a <0.001a 0.003a

nfvPPA n = 72 n = 61 n = 57 n = 57 n = 57 n = 54 n = 56 n = 58 n = 58 n = 50

b (95% CI) 0.03

(�0.01, 0.07)

�2.33

(�4.74, 0.07)

�1.05

(�2.21, 0.10)

�0.71

(�1.88, 0.46)

�0.09

(�2.63, 2.45)

�2.30

(�4.88, 0.28)

�1.68

(�5.66, 2.30)

�1.16

(�1.84, �0.48)a
�0.74

(�1.52, 0.04)

33.22

(�1.91, 68.34)

p value 0.17 0.057 0.074 0.23 0.94 0.079 0.40 0.001a 0.063 0.063

svPPA n = 84 n = 80 n = 69 n = 70 n = 67 n = 79 n = 75 n = 71 n = 73 n = 74

b (95% CI) 0.06

(0.01, 0.10)b
�2.92

(�4.89, �0.95)a
�1.06

(�2.12, 0.00)

�1.46

(�2.34, �0.57)a
�4.97

(�7.83, �2.11)a
�2.83

(�5.66, �0.00)b
�4.87

(�7.68, �2.05)a
�0.87

(�1.80, 0.07)

�1.16

(�2.02, �0.29)b
15.03

(�11.92, 41.98)

p value 0.009b 0.004a 0.051 0.002a <0.001a 0.050b 0.001a 0.069 0.009b 0.27

CBS n = 89 n = 71 n = 76 n = 59 n = 75 n = 76 n = 78 n = 77 n = 76 n = 56

b (95% CI) 0.05

(0.01, 0.09)b
�1.33

(�2.88, 0.23)

0.04

(�0.48, 0.56)

�0.45

(�1.13, 0.23)

�0.29

(�1.11, 0.53)

�2.46

(�4.57, �0.35)b
�0.33

(�2.88, 2.22)

�0.03

(�0.76, 0.70)

�0.63

(�1.18, �0.07)b
5.83

(�20.79, 32.45)

p value 0.024b 0.094 0.88 0.19 0.49 0.023b 0.80 0.94 0.027b 0.66

PSP-RS n = 124 n = 114b n = 105b n = 82 n = 113 n = 115 n = 118 n = 113 n = 112 n = 82

b (95% CI) 0.03

(�0.00, 0.06)

�1.58

(�2.93, �0.24)b
�0.71

(�1.32, �0.10)b
�0.17

(�0.90, 0.56)

�1.01

(�2.30, 0.28)

�2.89

(�4.79, �1.00)a
�2.95

(�4.89, �1.00)a
�0.73

(�1.30, �0.16)b
�0.71

(�1.20, �0.22)b
35.81

(12.61, 59.02)a

p value 0.051 0.022b 0.024b 0.64 0.12 0.003a 0.003a 0.012b 0.005b 0.003a

MCI n = 57 n = 57 n = 56 n = 49 n = 56 n = 56 n = 56 n = 57 n = 57 n = 56

b (95% CI) 0.29

(0.01, 0.57)b
�0.93

(�1.83, �0.03)b
�0.37

(�0.97, 0.24)

0.03

(�0.45, 0.50)

�0.93

(�2.21, 0.36)

�0.55

(�2.52, 1.42)

�2.06

(�4.53, 0.40)

0.08

(�0.50, 0.66)

�0.06

(�0.68, 0.57)

5.16

(�10.37, 20.70)

p value 0.040b 0.044b 0.23 0.91 0.15 0.58 0.10 0.78 0.85 0.51

b values, 95%CIs, and p values result from linear regression models that were adjusted for age, gender, symptom duration, and years of education. b values are interpreted as the change in the

mean value of the given disease indicator for each doubling of NfL level. The FTD group includes patients with bvFTD, nfvPPA, svPPA, CBS, or PSP-RS. See also Tables S10–S12.

b, regression coefficient; CI, confidence interval; CDR + NACC-FTLDsb, CDR Dementia Staging Instrument plus behavior and language domains from the National Alzheimer’s Disease Coor-

dinating Center FTLDmodule sum of boxes; MINT,Multilingual Naming Test; MoCA,Montreal Cognitive Assessment; NAT, Northwestern Anagram Test; SNQ, Social NormsQuestionnaire; Trails

B, Trail Making Test Part B.
ap < 0.005 is considered as statistically significant after correcting for multiple testing.
bNominally significant p < 0.05.
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with a faster longitudinal decline in performance for the CDR +

NACC-FTLDsb, MoCA, and category fluency test (p % 0.001).

Nominally significant associations were noted for the MINT

(p = 0.030) and Trails B (p = 0.018). Findings were similar for the

combined group of FTD syndromes.

Plasma NfL increases throughout presymptomatic and
symptomatic disease phases
In Figure 3A, we show longitudinal NfL profiles for controls, pre-

symptomatic carriers, and patients with MCI, bvFTD, PPA

(nfvPPA and svPPA), or parkinsonian disorders (CBS and PSP-

RS). For individuals with an NfL measurement at least 1 year

from baseline, we compared temporal NfL trajectories across

groups by determining the rate of NfL concentration change

per year (Figure 3B; Table S13). The rate of NfL change was

greater for presymptomatic carriers who later phenoconverted,

MCI patients, bvFTD patients, and the combined group of pa-

tients with nfvPPA or svPPA than for controls (p < 0.001). No

difference in the rate of NfL change was seen between presymp-

tomatic phenoconverters and patient groups, but phenoconvert-

ers had a nominally significant higher rate of NfL change than

non-converters (p = 0.008; Figure 3B; Table S14). We thus as-

sessed whether rate of NfL change can distinguish converters

from non-converters or controls. We found that the rate of NfL

change distinguished controls from converters with an adjusted

AUC of 0.76 (95% confidence interval [CI]: 0.58–0.93) and distin-

guished non-converters from converters with an adjusted AUC

of 0.74 (95% CI: 0.57–0.92). A cutoff value of >2.5 pg/mL of

NfL per year identified 50.0% of converters, 4.4% of controls,

and 5.7% of non-converters. Combining information from rate

of NfL change and baseline NfL to differentiate between con-

verters and non-converters was not more effective than using

the individual measures themselves, as evidenced by an un-

changed AUC.

We next evaluated longitudinal NfL concentrations and rates

of NfL change by mutation status in presymptomatic individuals

and bvFTD patients (Figures 4A and 4B; Table S13). Nominally

significant increases in the rate of NfL change were noted for

all presymptomatic carriers combined (p = 0.029) and GRN mu-

tation carriers alone (p = 0.012) when compared to controls. No

difference in the rate of NfL change was seen among presymp-

tomatic C9orf72, GRN, or MAPT mutation carriers (Table S15).

For bvFTD, all mutation carriers combined, and MAPT carriers

alone, had faster rates of NfL increases than did controls

(p < 0.001; Table S13). Comparisons of rates of NfL change in

bvFTD patients with no mutation or with a GRNmutation to con-

trols were not examined since these groups had only four individ-

uals with a second NfL measure more than 1 year from baseline.

Finally, we show in Figure 5 the temporal profiles of NfL for indi-

viduals whose clinical diagnosis changed during their disease

course.

DISCUSSION

Through this cross-sectional and longitudinal study of the largest

cohort of patients with sporadic or genetic bvFTD, nfvPPA,

svPPA, CBS, or PSP-RS and clinically normal individuals with

or without FTD-causing mutations, we show that plasma NfL in-
8 Cell Reports Medicine 3, 100607, April 19, 2022
creases prior to phenoconversion in presymptomatic mutation

carriers; is significantly elevated in all studied FTD spectrum dis-

orders, including mild cases; and associates with multiple indi-

cators of disease severity.

Our observation that plasma NfL is higher in bvFTD, nfvPPA,

svPPA, CBS, and PSP-RS compared with controls is consistent

with prior reports.13,14,21–23 We saw no difference in baseline NfL

among FTD syndromes. While no previous study compared

blood NfL among all syndromes, those that did perform group

comparisons observed comparable NfL concentrations be-

tween nfvPPA and svPPA15,18 or among nfvPPA, svPPA, and

bvFTD.13 Thus, while NfL does have utility in confirming the pres-

ence of neurodegeneration, it is insufficient to discriminate

between FTD syndromes.

That plasma NfL was elevated in FTD patients presenting with

only mild symptoms and can distinguish these patients from

healthy controls suggests that NfL may inform the diagnosis of

questionable cases and allow amore rapid diagnosis. One study

estimates that almost half of FTD patients are diagnosed more

than 1 year after first symptoms.28 Diagnostic workups for pa-

tients routinely include imaging and neuropsychological testing,

but the additional implementation of plasma NfL has the poten-

tial to reduce diagnostic delay and thereby improve the care of

patients and allow their earlier participation in clinical trials.

Plasma NfL may also prove useful in detecting disease pro-

gression in presymptomatic mutation carriers. We show that,

compared to measures in controls or presymptomatic mutation

carriers who did not phenoconvert, baseline plasma NfL and

rates of NfL change were higher in presymptomatic carriers

before phenoconversion. These data validate and extend prior

cross-sectional24 and longitudinal20,25,26 studies. For example,

Rojas et al.24 found that median baseline plasma NfL concentra-

tions were higher in presymptomatic carriers who showed phe-

noconversion in a cohort comprising a subset of individuals in

the present study, and van der Ende et al.20 similarly reported

higher baseline serum NfL in presymptomatic converters than

in non-converters. Moreover, in a study by Saracino et al.,25

four presymptomatic C9orf72 expansion carriers with elevated

rates of change in plasma NfL moved to the prodromal and

symptomatic disease stage at follow-up. Yet four other pre-

symptomatic individuals with high baseline NfL or rate of NfL

change did not phenoconvert during the examined time frame.

While data from these studies and ours indicate that plasma

NfL could facilitate the identification of presymptomaticmutation

carriers approaching phenoconversion, they also suggest that

additional traits, such as mutation status, brain atrophy, and

neuropsychological test scores, will likely be needed to better

approximate when phenoconversion will occur and to select

suitable individuals at risk of phenoconversion to participate in

clinical trials designed to prevent or delay symptom onset and

progression.

As with phenoconverters, patients with MCI, bvFTD, or PPA,

but not patients with parkinsonian disorders, had higher rates

of NfL change than did controls. Though longitudinal data were

relatively limited, our data suggest that NfL generally increases

over time in patients with MCI, bvFTD, and PPA. Were routine

plasma NfL measures to be incorporated into the standard of

care for FTD patients, baseline NfL or its rate of change could



Figure 3. Plasma NfL increases throughout presymptomatic and symptomatic disease phases

(A) Longitudinal NfL concentrations are depicted for the indicated phenotype groups. NfL in plasma samples was measured in duplicate, and the mean con-

centration of replicates is shown on the base 10 logarithm scale.

(B) For individuals with one or more serial NfL measurements at least 1 year from baseline, we show comparisons of rate of change in NfL concentration per year

for controls, all presymptomatic mutation carriers (all PreSx), presymptomatic carriers who did not convert (non-conv), those that did phenoconvert (phenoconv),

and patients with MCI, bvFTD, PPA, or parkinsonian disorders. p values from analysis comparing rates of NfL change between the indicated group and either

controls, non-converters, or phenoconverters after adjusting for age and gender are shown.

The number of individuals per group (n) is shown in figure panels and in Tables 1 and S1. See also Tables S13 and S14.
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be compared pre- and post-treatment for individuals enrolled in

clinical trials and conceivably serve as a pharmacodynamic

biomarker of therapeutic response.

To estimate the prognostic power of NfL for each FTD syn-

drome, we examined associations of baseline plasma NfL with
indicators of global cognitive function, social change, language

deficits, and executive dysfunction. In the largest group of

bvFTD patients, higher NfL associated with worse performance

at baseline on all assessments and with a faster longitudinal

decline in performance on the CDR + NACC-FTLDsb, the
Cell Reports Medicine 3, 100607, April 19, 2022 9



Figure 4. Longitudinal profiles and rates of NfL change in presymptomatic individuals and patients with bvFTD according tomutation status

(A) Longitudinal NfL concentrations are depicted for clinically normal individuals and bvFTD patients with no mutation or a mutation in C9orf72, GRN, or MAPT.

NfL in plasma samples was measured in duplicate, and the mean concentration of replicates is shown on the base 10 logarithm scale.

(B) For individuals with one or more serial NfL measurements at least 1 year from baseline, we show comparisons of rate of change in NfL concentration per year

between controls and presymptomatic mutation carriers or bvFTD patients according to mutation status. Patients with bvFTD without a mutation (n = 4) or with a

GRN mutation (n = 4) were not included in the analysis. p values from analysis comparing rates of NfL change between the indicated group and controls after

adjusting for age and gender are presented.

Longitudinal data for the presymptomatic carrier with a mutation in bothC9orf72 andGRN are not included in (A) or (B). The number of individuals per group (n) is

shown in figure panels and in Tables 1 and S1. See also Tables S13 and S15.
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MoCA, and the category fluency test. For the smaller phenotype

groups of nfvPPA, svPPA, CBS, and PSP-RS, associations were

observed for some, but not all, assessment scores. Of note,

however, the estimated b coefficients (a measure of effect
10 Cell Reports Medicine 3, 100607, April 19, 2022
strength) for these groups were similar or stronger than those

for bvFTD. Moreover, because each syndrome is characterized,

at least initially, by a predominant clinical trait, it is expected that

associations of NfL with only some disease indicators would be



Figure 5. Temporal trajectories of plasma NfL in presymptomatic individuals and individuals with MCI who phenoconverted according to

mutation status

Shown, according to mutation status, are longitudinal NfL concentrations for 23 mutation carriers who phenoconverted (i.e., 14 from presymptomatic to

symptomatic and nine from MCI to bvFTD). For five individuals, plasma NfL was not available from the follow-up visit at which their diagnosis changed; these

individuals are marked by a white circle partially shaded in black for clinically normal individuals later diagnosed with MCI or by a gray square partially shaded in

black for a patient with MCI subsequently diagnosed with bvFTD. NfL in plasma samples was measured in duplicate, and mean concentrations are shown on the

base 10 logarithm scale. CN, clinically normal; PD, Parkinson’s disease.
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observed for a given group. Comparing our findings with prior

observations is complicated by differences in clinical assess-

ments, cohort sizes, and the grouping of patients with different

FTD syndromes, which may mask associations otherwise seen

for a given syndrome. For example, in a cohort of patients with

an FTD syndrome having underwent multiple psychometric as-

sessments, serum NfL only correlated with executive dysfunc-

tion measures, but these did not survive correction for multiple

testing.12 In contrast, another study found serum NfL associated

with worse CDRsb, but not with Mini-Mental State Exam (MMSE)

scores in mutation carriers with an FTD syndrome.5 These find-

ings differ from our observed associations of NfL with CDR +

NACC-FTLDsb and MoCA scores (an alternative cognition test

to the MMSE) and measures of executive dysfunction in some

phenotype groups. Data from the few studies that examined a

particular FTD syndrome are more in line with our findings. For

instance, NfL was reported to associate with the extent of se-

mantic impairment in svPPA patients,19 with MMSE and CDR +

NACC-FTLDsb scores in bvFTD patients,14 and with MMSE

scores and cognitive disability in PSP-RS patients.22

Strengths of our study include evaluating the largest series of

plasmaNfL fromwell-characterizedpatientswith bvFTD, nfvPPA,

svPPA, PSP-RS, and CBS along with pre-presymptomatic muta-

tioncarriers andcontrols; performingallNfLmeasurementsatone

site to allow direct group comparisons; including cross-sectional

and longitudinal assessments of plasma NfL; and examining the

prognostic potential of NfL separately for each syndrome. Of

equal if not more importance, our NfL data, along with extensive

clinical data beyond what are shown in the present study, are

available to the scientific community through ALLFTD.

Our data support the utility of plasma NfL for improving patient

care and overcoming major barriers in clinical trial design, which

we hope will expedite the discovery of effective FTD treatments.

By facilitating the estimation of phenoconversion in individuals at

genetic risk of FTD, and their earlier diagnosis, plasma NfL would

aid in the selection of participants for prevention or early treat-

ment trials. As a marker of disease severity and progression,
NfL would also enable a more balanced stratification of patients

with slowly or rapidly progressing disease in clinical trial treat-

ment arms. This would improve clinical trial efficiency and the

evaluation of treatment outcomes. The latter is a key challenge

when conducting FTD clinical trials because of the heterogeneity

among FTD patients.29 Overall, we show that plasma NfL repre-

sents a promising susceptibility and prognostic biomarker for

FTD. In addition to these important observations, our major

informational database comprising cross-sectional and longitu-

dinal NfL, demographic, genetic, clinical, and neuropsychologi-

cal data is sure to ignite new lines of investigation on FTD spec-

trum disorders.

Limitations of the study
Participants enrolled in this study may not represent the gen-

eral FTD patient population, and diagnoses were made based

on clinical assessments and were not neuropathologically

confirmed. Also, the relatively small sample sizes of some

groups may have resulted in a lack of power to detect some

associations, raising the possibility of a type II error (i.e., a

false-negative finding).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human plasma ALLFTD (ARTFL-LEFFTDS Longitudinal

Frontotemporal Lobar Degeneration: a

multisite research consortium). https://

www.allftd.org/data

Critical commercial assays

NF-lightTM Quanterix Cat#103186

Other

Simoa HD-1 Analyzer� instrument Quanterix
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Tania Gendron (Gendron.tania@

mayo.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d De-identified human/patient clinical, demographic and plasma NfL data are available from ALLFTD upon request. Investigators

are required to complete the Request Clinical Data form on the request portal (https://www.allftd.org/data) and to review the

data sharing and publication policy. Data that could identify a participant are not provided. Data requests are reviewed quarterly

and generally fulfilled approximately four weeks after they are approved depending on the complexity of the request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact and ALLFTD.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Protocol approvals and patient consents
Study participants were recruited through two North American multicenter observational studies: Longitudinal Evaluation of Famil-

ial Frontotemporal Dementia Subjects (LEFFTDS; ClinicalTrials.gov NCT02372773) and Advancing Research and Treatment in

Frontotemporal Lobar Degeneration (ARTFL; ClinicalTrials.gov NCT02365922). Participants or their caregivers provided written

informed consent. For each participating center, study procedures were approved by their local Institutional Review Board

committee.

Human subject characteristics
Human subject characteristics are provided in Table 1, and include data on gender, age at symptom onset, age at baseline

plasma collection, age from symptom onset to baseline plasma collection and mutation status for each diagnostic group. Clin-

ically defined phenotypes of the 981 participants are comprised of 144 clinically normal, mutation-free individuals who were in

kindreds with known FTD-related gene mutations, 85 clinically normal individuals with an FTD-causing mutation (referred to as

presymptomatic mutation carriers), 289 patients with bvFTD, 72 with nfvPPA, 84 with svPPA, 89 with CBS, 124 with PSP-RS,

25 with FTD/ALS, 12 with ALS and 57 with MCI [either mild cognitive impairment (MCI-cog, n = 38) or mild behavioral changes

(MCI-beh, n = 19)]. Individuals in these phenotype groups were classified as previously reported based on widely accepted pub-

lished criteria for each disorder.27 Mildly symptomatic participants who experienced a cognitive change compared with their pre-

vious level of functioning, had mild impairment in one or more domains of cognition on neuropsychological assessment but were

still independent in functional abilities, and did not meet the criteria for dementia30 were classified as MCI-cog. MCI-beh was

applied to participants exhibiting behavior/comportment/personality changes but not having dementia nor meeting criteria for

probable bvFTD.
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Clinical procedures
Study participants underwent annual standardized evaluations that included neurologic assessment, caregiver or companion inter-

view and neuropsychological testing. Clinical scales included CDR + NACC-FTLD global and sum of boxes scores, which provide

global measures of clinical severity,27 and theMoCA, a 30-point cognitive screening tool assessing visuospatial, semantic, phonemic

and fluent language, workingmemory, recall, attention, and orientation.31 The following neuropsychological tests were also included:

Social Norms Questionnaire (SNQ)

This test evaluates the participant’s ability to identify appropriate and inappropriate behaviors in several hypothetical scenarios.32

Northwestern Anagram Test (NAT)

Participantsmust organize words to create 10 grammatically correct sentences that describe a picture stimulus. This test, believed to

detect grammatic impairments, allows sentence production to be assessed independently of speech production, word-finding dif-

ficulties, or working memory capacity.33

The Multilingual Naming Test (MINT)

This is a 32-item object picture naming task. The total score includes items named correctly with semantic, but not phonemic, cues.34

Verbal fluency phonemic test

In two separate 60 s trials, participants must generate asmany words as possible that begin with the letter ‘‘F’’ or ‘‘L’’. The outcome is

the total correct words summed across both trials.35

Verbal semantic/category test

In two separate 60 s trials, participants must generate as many words as possible that belong to the categories ‘‘animals’’ or ‘‘veg-

etables’’. The outcome is the total correct words summed across both trials.

Digit span forward and backward

Participants are read a sequence of numbers that become increasingly longer, and must repeat the same sequence back to the

examiner in order (forward span) or in reverse order (backward span).

Trail Making Test Part B

This test of executive function consists of 24 circles on a piece of paper; half of the circles have the numbers 1–12 in them, and half

have the letters A-L. The participant has to draw a line from one circle to the next in ascending order alternating between circles with

numbers and circles with letters (i.e., 1-A-2-B-3-C-4-D-5-E .).36

A breakdown of test scores by group is provided in Table S10.

METHOD DETAILS

Plasma neurofilament concentration determination
Participant blood samples were collected in ethylene diamine tetra-acetic acid tubes, centrifuged at 1,500 g at 4�C for 15 min,

and the resulting plasma was aliquoted and stored at �80�C at NCRAD. Aliquots were shipped to the Mayo Clinic in Jackson-

ville, FL. All samples were assayed on the same instrument and by the same person in a blinded fashion. NfL concentrations

in plasma were measured with the NF-Light digital immunoassay (Quanterix, Cat#103186, Lot 501992) using the HD-X Analyzer

per the manufacturer’s protocol. In brief, samples were thawed on ice, mixed thoroughly by low-speed vortexing and

centrifuged at 10,000 g for 5 min before transferring samples to 96-well plates. Samples were diluted 1:4 by the instrument

and tested in duplicate. In addition to participant plasma samples, each run included 8 calibrators and 2 quality control samples

provided with the kits, as well as a pooled reference sample provided by NCRAD. When the concentration of NfL in a

sample exceeded the upper limit of the calibration curve, it was retested after first diluting it 1:4 or 1:8 at the bench, followed

by an onboard 1:4 dilution. Concentrations were interpolated from the standard curve using a 4-parameter logistic curve fit (1/y2

weighted).

The mean %CV of duplicate NfL measurements was 4.39%. Across 15 runs, the mean concentration of the first quality control

sample was 4.01 pg/ml and the inter-assay %CV was 8.16%, the mean concentration of the second quality control sample was

150.18 pg/ml and the inter-assay %CV was 5.17%, and the mean concentration of the reference sample was 15.25 pg/ml and

the inter-assay %CV was 7.56%.

Among the samples we tested, NfL concentrations for 155 samples had previously been determined at Quanterix using their NF-

Light digital immunoassay assayed on an HD-1 Analyzer.24 The mean inter-site %CV of NfL concentrations was 14.37%, with NfL

concentrations from each group showing a near perfect correlation (Pearson’s r = 0.99, p < 0.0001).

QUANTIFICATION AND STATISTICAL ANALYSIS

In all statistical association analyses, the baseline NfL concentration was examined on the base 2 logarithm scale due to its skewed

distribution. All covariates that were adjusted for in multivariable regression models were pre-defined. Unstandardized b coefficients

and 95% CIs were estimated. The number of subjects (n) in each group for a given statistical analysis is reported in the appropriate

corresponding tables and figures. All statistical tests were two-sided and performed using SAS (version 9.4; SAS Institute, Inc., Cary,

North Carolina).
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Associations of plasma NfL with age, gender and symptom duration
Separately for each phenotype group, associations of baseline NfL with age, gender and symptom duration (the latter for analysis of

patients only) were assessed using linear regression models that were adjusted for the pre-defined covariates of age, gender and

symptom duration (Figures 1A–1C and S1A–S1C, Table S2). After applying a Bonferroni correction for multiple testing, p < 0.025

(controls and presymptomatic mutation carriers) or p < 0.0167 (symptomatic groups) were considered as statistically significant.

Comparisons of baseline NfL concentrations among phenotype groups
Comparisons of baseline NfL concentrations between controls and nine separate groups as well as between presymptomatic mu-

tation carriers and eight separate groups, and when stratifying by symptom duration, were made using linear regression models

(Figures 2A and S1D, Tables S3 and S4). Unadjusted models were first examined, followed by multivariable models that were

adjusted for age and gender. b coefficients and 95% CIs were estimated and are interpreted as the difference in mean NfL concen-

tration (on the base 2 logarithm scale) between the two groups of interest. p < 0.0056 (comparisons between controls and other

groups) or p < 0.0063 (comparisons between presymptomatic mutation carriers and other groups) were considered as significant

after utilizing a Bonferroni correction for multiple comparisons.

Comparisons of baseline NfL concentrations between controls and presymptomatic mutation carriers who did or did not pheno-

convert after baseline, and between phenoconverters and non-converters, were made using linear regression models that were

adjusted for age and gender (Figures 2B and S1E, Table S5).

Comparisons of baseline NfL between controls or presymptomatic mutation carriers and five separate groups of patients with a

CDR + NACC-FTLD global score of 0 (CBS, n = 2; PSP-RS, n = 1) or 0.5 (n = 106) were made using linear regression models.

Unadjusted models were first examined, followed by multivariable models that were adjusted for age and gender (Table S6). b

coefficients and 95% CIs were estimated and are interpreted as the difference in mean NfL concentration (on the base 2 logarithm

scale) between the two groups of interest. p < 0.01 was considered as significant after applying a Bonferroni correction for multiple

comparisons.

Comparisons of baseline NfL among eight symptomatic groups (Figures 2A and S1D, Table S7) were made using linear regression

models that were adjusted for age, gender and symptom duration. p < 0.0018 was considered as significant after utilizing a Bonfer-

roni correction for multiple comparisons.

Comparisons of baseline NfL concentrations according to mutation status
Comparisons of baseline NfL among individuals with no mutation and individuals with a mutation in either C9orf72, GRN or MAPT

were analyzed for three phenotype groups (clinically normal, bvFTD or MCI) using linear regression models that were adjusted for

age, gender and symptom duration (the latter for analysis of patients only) (Figure 2E, Tables S8 and S9). p < 0.0083 (six pair-

wise comparisons for clinically normal individuals), or p < 0.0071 (seven pair-wise comparisons bvFTD patients) were considered

as significant after utilizing a Bonferroni correction for multiple comparisons.

Determination of rates of change in NfL concentrations and in indicators of disease severity
For subjects with longitudinal NfL measurements and for whom the first and last measurements were at least 1 year apart, we esti-

mated the rate of change in NfL per year, separately for each individual, by extracting the b coefficient from a linear regression model

where NfL was the dependent variable and time since initial NfLmeasure was the independent variable (a logarithm transformation of

NfL was not utilized in this part of the analysis). All available NfL measures for a given subject were utilized in these linear regression

models. This same strategy was utilized to calculate rate of change in disease indicators per year.

Determination of the discriminatory power of baseline NfL
To assess the ability of baseline NfL to discriminate between controls or presymptomatic mutation carriers and other phenotype

groups (Figure 2D, Tables S3, S4, and S6), we estimated area under the ROC curve (AUC) values along with 95% CIs. An AUC equal

to 1.0 indicates perfect predictive ability for a givenmodel, whereas an AUC equal to 0.5 represents predictive ability equal to chance.

Unadjusted AUCs were initially estimated, however as age and gender differed between comparison groups and were also associ-

ated with baseline NfL concentrations, these AUC estimates are influenced by age and gender and are therefore biased. Therefore,

we calculated age/gender-adjusted AUC estimates for subjects involved in a given comparison by first extracting the residuals from a

linear regression model where baseline NfL is the dependent variable and both age and gender and independent variables, thereby

essentially normalizing by age and gender. We then compared these model residuals between the two groups of interest to estimate

AUC for a given pairwise comparison in our adjusted analyses.

We used the same strategy as above to test the ability of baseline NfL level and rate of change in NfL level per year to discriminate

presymptomatic mutation carriers who phenoconverted after baseline from those who did not convert and controls. To assess

whether utilizing both rate of change in NfL over time and baseline NfL to differentiate converters from non-converters resulted in

improved predictive ability when compared to examining the individual measures themselves, we estimated the increase in AUC

that was observed when comparing the following two logistic regression models, where the outcome was converter/non-converter

status, and only subjects with a measure for rate of change in NfL over time were included: (1) covariates of age, gender and baseline

NfL level, and (2) covariates of age, gender, baseline NfL level and rate of change in NfL level over time.
Cell Reports Medicine 3, 100607, April 19, 2022 e3
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Associations of baseline plasma NfL with indicators of disease severity
Associations of baseline NfL with baseline disease indicators (Tables 2 and S11) and with rate of change over time (per year) in dis-

ease indicators (Table S12) were examined using linear regression models. Unadjusted and multivariable models were evaluated,

where multivariable models were adjusted for age, gender, symptom duration and years of education. b coefficients and 95% CIs

were estimated and are interpreted as the change in the mean outcome measure for each doubling in NfL concentration. p <

0.005 was considered as significant after utilizing a Bonferroni adjustment for multiple testing separately for each phenotype group.

Disease severity characteristics according to phenotype group are shown in Table S10.

Comparisons of rate of change in NfL concentrations between controls or presymptomatic mutation carriers and
other phenotype groups and by mutation status
We compared rate of change in NfL concentrations per year vs. controls for different phenotype groups using linear regression

models that were adjusted for age and gender, where p < 0.0039 was considered as significant after applying a Bonferroni correction

for multiple testing (Table S13). b coefficients and 95%confidence CIs were estimated and are intreated as the difference in themean

rate of change in NfL level per year between the given two groups. Additionally, rate of change in NfL level per year was compared

among presymptomatic non-converters and phenoconverters as well as phenotype groups using linear regression models that were

adjusted for age, gender and, for comparisons among patient groups, symptom duration. p < 0.0033 were considered as statistically

significant after applying a Bonferroni correction for multiple comparisons (Table S14). Finally, rate of change in NfL level per year was

compared according to mutation status among presymptomatic mutation carriers using linear regression models that were adjusted

for age and gender. p < 0.0167 was considered as statistically significant after utilizing a Bonferroni correction for multiple testing

(Table S15).

ADDITIONAL RESOURCES

Participants were enrolled through the Longitudinal Evaluation of Familial Frontotemporal Dementia Subjects study (ClinicalTrials.

gov NCT02372773) and the Advancing Research and Treatment in Frontotemporal Lobar Degeneration study (ClinicalTrials.gov

NCT02365922).
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