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Serum neurofilament light chain in genetic frontotemporal
dementia: a longitudinal, multicentre cohort study
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Summary

Background Neurofilament light chain (NfL) is a promising blood biomarker in genetic frontotemporal dementia, with
elevated concentrations in symptomatic carriers of mutations in GRN, C9rf72, and MAPT. A better understanding of
NfL dynamics is essential for upcoming therapeutic trials. We aimed to study longitudinal NfL trajectories in people
with presymptomatic and symptomatic genetic frontotemporal dementia.

Methods We recruited participants from 14 centres collaborating in the Genetic Frontotemporal Dementia Initiative
(GENFI), which is a multicentre cohort study of families with genetic frontotemporal dementia done across Europe and
Canada. Eligible participants (aged =18 years) either had frontotemporal dementia due to a pathogenic mutation in GRN,
CY90rf72, or MAPT (symptomatic mutation carriers) or were healthy at-risk first-degree relatives (either presymptomatic
mutation carriers or non-carriers), and had at least two serum samples with a time interval of 6 months or more.
Participants were excluded if they had neurological comorbidities that were likely to affect NfL, including cerebrovascular
events. We measured NfL longitudinally in serum samples collected between June 8, 2012, and Dec 8, 2017, through
follow-up visits annually or every 2 years, which also included MRI and neuropsychological assessments. Using mixed-
effects models, we analysed NfL changes over time and correlated them with longitudinal imaging and clinical parameters,
controlling for age, sex, and study site. The primary outcome was the course of NfL over time in the various stages of
genetic frontotemporal dementia.

Findings We included 59 symptomatic carriers and 149 presymptomatic carriers of a mutation in GRN, C9otf72, or
MAPT, and 127 non-carriers. Nine presymptomatic carriers became symptomatic during follow-up (so-called
converters). Baseline NfL was elevated in symptomatic carriers (median 52 pg/mL [IQR 24-69]) compared with
presymptomatic carriers (9 pg/mL [6-13]; p<0-0001) and non-carriers (8 pg/mL [6-11]; p<0-0001), and was higher in
converters than in non-converting carriers (19 pg/mL [17-28] vs 8 pg/mL [6-11]; p=0-0007; adjusted for age). During
follow-up, NfL increased in converters (b=0-097 [SE 0-018]; p<0-0001). In symptomatic mutation carriers overall, NfL
did not change during follow-up (b=0-017 [SE 0-010]; p=0-101) and remained elevated. Rates of NfL change over time
were associated with rate of decline in Mini Mental State Examination (b=—94-7 [SE 33-9]; p=0-003) and atrophy rate
in several grey matter regions, but not with change in Frontotemporal Lobar Degeneration-Clinical Dementia Rating
scale score (b=-3-46 [SE 46-3]; p=0-941).

Interpretation Our findings show the value of blood NfL as a disease progression biomarker in genetic frontotemporal
dementia and suggest that longitudinal NfL measurements could identify mutation carriers approaching symptom
onset and capture rates of brain atrophy. The characterisation of NfL over the course of disease provides valuable
information for its use as a treatment effect marker.
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Introduction

Frontotemporal dementia is a common cause of young-
onset dementia and is characterised by progressive
behavioural or language changes, or both."” Autosomal
dominant inheritance is present in 20-30% of cases,
most commonly owing to mutations in granulin (GRN),
chromosome 9 open reading frame 72 (C9orf72), or micro-
tubule-associated protein tau (MAPT).> With upcoming
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therapeutic trials, biomarkers are needed to identify the
appropriate time to start treatment, probably in the pre-
clinical stage, and as surrogate endpoints to measure
treatment effect.

Neurofilament light chain (NfL), a constituent of the
axonal cytoskeleton, is a promising diagnostic and prog-
nostic blood biomarker in genetic frontotemporal demen-
tia, with low concentrations in presymptomatic mutation

-

CrossMark

Lancet Neurol 2019; 18: 1103-11

This online publication has
been corrected. The corrected
version first appeared at
thelancet.com/neurology on
Dec 11,2019

See Comment page 1070

*Members are listed in the
appendix (pp 17-18)

Department of Neurology and
Alzheimer Center, Erasmus
Medical Center Rotterdam,
Rotterdam, Netherlands
(ELvan der Ende MD,

L H Meeter MD, ] M Poos MSc,

J LPanman MSc, L C Jiskoot PhD,
E G P Dopper MD,

J M Papma PhD, F J de Jong MD,
Prof ) C van Swieten MD);
Department of Radiology,
Leiden University Medical
Center, Leiden, Netherlands

(J L Panman); Dementia
Research Institute, Department
of Neurodegenerative Disease,
UCL Queen Square Institute of
Neurology, London, UK
(LCJiskoot, C Heller MSc,

RS Convery MSc, KM Moore BSc,
M Bocchetta PhD,

M Neason MSc, D M Cash PhD,

J D Rohrer MD); Neurochemistry
Laboratory, Department of
Clinical Chemistry, Amsterdam
Neuroscience, Vrije Universiteit
Amsterdam, Amsterdam UMC,
Amsterdam, Netherlands
(IMW Verberk MSc,
Prof C Teunissen PhD);
Department of Biostatistics,
Erasmus Medical Center
Rotterdam, Rotterdam,
Netherlands

(Prof D Rizopoulos PhD); Centre
for Neurodegenerative
Disorders, Neurology unit,
Department of Clinical and
Experimental Sciences,
University of Brescia, Brescia,
Italy (B Borroni MD);
Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico,
Neurodegenerative Diseases
Unit, Milan, Italy

(D Galimberti PhD); University

1103


http://crossmark.crossref.org/dialog/?doi=10.1016/S1474-4422(19)30354-0&domain=pdf

Articles

of Milan, Centro Dino Ferrari,
Milan, Italy (D Galimberti);
Hospital Clinic de Barcelona,
IDIBAPS, University of
Barcelona, Barcelona, Spain

(R Sanchez-Valle MD); CHU de
Québec, Université Laval,
Québec, QC, Canada

(R Laforce Jr MD); Department
of Neurology, Hospital
Universitario Donostia,
Gipuzkoa, Spain

(F Moreno MD); Hertie-Institute
for Clinical Brain Research
Tubingen, Tobingen, Germany
(Prof M Synofzik MD); German
Center for Neurodegenerative
Diseases (DZNE) Tubingen,
Tibingen, Germany

(Prof M Synofzik); Karolinska
Institutet, Dept NVS, Division
of Neurogeriatrics, Stockholm,
Sweden (Prof C Graff MD); Unit
of Hereditary Dementia, Theme
Aging, Karolinska University
Hospital-Solna, Stockholm,
Sweden (Prof C Graff);
Sunnybrook Research Institute,
Toronto, ON, Canada

(M Masellis MD); Tanz Centre for
Research in Neurodegenerative
Disease, University of Toronto,
Toronto, ON, Canada

(M CarmelaTartaglia MD);
Department of Clinical
Neurosciences, University of
Cambridge, Cambridge, UK
(Prof ) B Rowe MD); Laboratory
for Cognitive Neurology,
Department of Neurosciences,
KU Leuven, Leuven, Belgium
(Prof R Vandenberghe MD);
Department of Clinical
Neurological Sciences,
University of Western Ontario,
London, ON, Canada

(E Finger MD); Fondazione
IRCCS Istituto Neurologico
Carlo Besta, Milan, Italy

(Prof F Tagliavini MD); Faculdade
de Medicina da Universidade
de Lishoa, Lishoa, Portugal
(Prof A de Mendonga MD);
Center for Neuroscience and
Cell Biology, Faculty of
Medicine, University of
Coimbra, Coimbra, Portugal

(I Santana MD); Department of
Clinical Neurology, University
of Oxford, Oxford, UK

(CButler MD); Montreal
Neurological Institute and
McGill University Health
Centre, McGill University,
Montreal, QC, Canada

(S Ducharme MD); Faculty of
Medical and Human Sciences,
Institute of Brain, Behaviour
and Mental Health, University
of Manchester, Manchester, UK
(A Gerhard MD); Neurologische

1104

Research in context

Evidence before this study

We searched PubMed from database inception to May 16, 2019,
for longitudinal studies of blood neurofilament light chain (NfL)
in dementias using the following terms: “dementia” OR
“neurodegenerative” OR “frontotemporal” OR “Pick” OR
“Alzheimer” OR “Parkinson” OR “Huntington” OR “amyotrophic
lateral sclerosis” AND “neurofilament” AND “blood” OR “serum”
OR "plasma” AND “longitudinal” OR “repeated” OR “follow up”.
Although several cross-sectional studies reported elevated NfL
concentrations in genetic frontotemporal dementia, we found no
longitudinal NfL studies in patients with genetic frontotemporal
dementia. A recent large longitudinal study of familial
Alzheimer's disease reported an increased rate of NfL change
more than 15 years before symptom onset, whereas a smaller
study of familial amyotrophic lateral sclerosis showed NfL
increases up to 12 months before symptom onset. Longitudinal
NfL studies in the symptomatic stage of sporadic
neurodegenerative disorders have shown inconsistent results.

Added value of this study
This longitudinal study of blood-derived NfL in a large cohort
(n=335) of presymptomatic and symptomatic frontotemporal

carriers and high concentrations in symptomatic carriers.**
NfL is elevated in various other neurological diseases,
probably reflecting neuroaxonal degeneration.” In patients
with multiple sclerosis, decreases in NfL have been seen
after anti-inflammatory treatment,® and in mouse models
of Alzheimer’s disease decreases were seen after inhibition
of amyloid-f deposits,’ suggesting that NfL is a dynamic
marker of disease activity.

When NfL starts to increase and how NfL changes over
the course of frontotemporal dementia is unknown. The
Genetic Frontotemporal Dementia Initiative (GENFI),
which follows-up carriers of mutations in GRN, C9orf72,
and MAPT, provides an opportunity to prospectively study
disease progression from presymptomatic to overt fronto-
temporal dementia and to identify biomarkers of early
pathological processes.

We aimed to longitudinally measure serum NfL using
an ultrasensitive single molecule array in the GENFI co-
hort to evaluate its temporal profile. We used brain imag-
ing and clinical datasets to study whether NfL changes
correlate with brain atrophy and clinical decline.

Methods

Study design and participants

We recruited participants from centres collaborating in
GENTFI, which follows patients with frontotemporal dem-
entia due to a pathogenic mutation in GRN, C9orf72, or
MAPT (symptomatic mutation carriers) and healthy at-
risk first-degree relatives (either presymptomatic muta-
tion carriers or non-carriers).” We included participants if
at least two serum samples were available with a time
interval of 6 months or more. Exclusion criteria were

dementia mutation carriers (GRN, C9orf72, and MAPT) shows
stable NfL concentrations in most presymptomatic

mutation carriers, a sharp increase around conversion to the
symptomatic stage, and overall stable, elevated concentrations
during the disease course. Nine presymptomatic mutation
carriers who developed frontotemporal dementia during
follow-up had elevated NfL concentrations 1-2 years before
symptom onset. The rate of NfL increase over time

correlated with the rate of brain atrophy in several grey

matter regions.

Implications of all the available evidence

This study shows serum NfL to be an easily accessible biomarker
in genetic frontotemporal dementia. The repeated
measurement of NfL appears to be a robust measure to identify
mutation carriers approaching symptom onset. The
characterisation of NfL over the course of genetic
frontotemporal dementia provides valuable information for its
use as a treatment effect marker in therapeutic trials.

neurological comorbidities that were likely to affect NfL,
including cerebrovascular events, or cognitive disorders
other than frontotemporal dementia.”

As part of GENFI, participants were followed-up
annually or every 2 years via a semi-structured health
interview, neurological and neuropsychological examina-
tion, blood sample collection, and MRI. Knowledgeable
informants (eg, spouse or sibling) were interviewed
about potential changes in cognition or behaviour. Global
cognitive functioning was scored using the Mini Mental
State Examination (MMSE) and the Frontotemporal
Lobar Degeneration-Clinical Dementia Rating scale
(FTLD-CDR); we used changes in MMSE and FTLD-
CDR as measures of clinical decline.

Participants were considered symptomatic (either at
baseline or during follow-up) on the basis of international
consensus criteria.”” Symptom onset was defined as the
moment that symptoms were first noted retrospectively
by caregivers. The presence of concomitant amyo-
trophic lateral sclerosis was defined according to revised
El Escorial criteria." Presymptomatic mutation carriers
had no evidence of motor deficits or behavioural or cogni-
tive changes, as assessed by neurological and neuropsycho-
logical examination and structured informant interviews.

Local ethics committees at each site approved the study
and all participants provided written informed consent.
Clinical researchers were masked to the genetic status
of atrisk individuals unless participants had under-
gone predictive testing. Such participants wished to know
their mutation status (ie, whether they are presympto-
matic mutation carriers or non-carriers), and underwent
predictive testing through a clinical geneticist.
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Procedures

Blood was collected by venipuncture in serum-separating
tubes and centrifuged (2000 g for 10 min) at room temp-
erature within 3 h of withdrawal, according to a stand-
ardised GENFI protocol. After centrifugation, serum was
stored at —80°C until use. Participants were not instructed
to fast and time of day at blood collection was variable.

Serum NfL was measured in duplicate in longitud-
inal serum samples collected between June 8, 2012,
and Dec 8, 2017, using the Simoa NF-Light Advantage
Kit (Quanterix; Billerica, MA, USA) on a Simoa HD-1
Analyzer instrument, according to the manufacturer’s
instructions. Samples with a coefficient of variation of
greater than 15% were remeasured. Samples were analysed
in nine runs, with longitudinal samples of each participant
measured in the same run. Laboratory technicians were
masked to clinical information.

Tl-weighted volumetric imaging was done using a
standardised GENFI exam card” on three Tesla MRI
scanners. All MRI scans were visually checked for artefacts
before image processing, according to a standardised
GENFI protocol. Each MRI scan was coupled with a serum
sample with a maximum interval of 6 months between the
serum sample and scan. Follow-up imaging was done on
the same scanner as the baseline visit.

Tl-weighted MRI scans were divided into cortical and
subcortical regions, as previously described,” using an
atlas propagation and label fusion strategy,” combining
regions of interest to calculate grey matter cortical volumes
(frontal, temporal, parietal, occipital, cingulate and insular
cortices), subcortical volumes (hippocampus, amygdala,
caudate nucleus, putamen, and thalamus), and cerebellar
volume of both hemispheres combined. We measured
whole-brain grey matter volumes using a semi-automated
segmentation method.” Total intracranial volume was
measured with SPM12 (Statistical Parametric Mapping,
Wellcome Trust Centre for Neuroimaging, London, UK) as
the combination of grey matter, white matter, and CSF
segmentations.” To ensure accurate delineation of regional
volumes, segmentation output files were visually checked
by experts at a central neuroimaging facility. All grey
matter volumes were expressed as a percentage of total
intracranial volume.

Outcomes

The primary outcome was the course of NfL over
time across the various stages of genetic frontotemporal
dementia, and was centrally assessed. Secondary out-
comes were differences in NfL concentrations between
groups at baseline; diagnostic accuracy of NfL concen-
tration at baseline; associations at baseline between NfL
concentrations and imaging and clinical parameters;
longitudinally, the association between change in NfL con-
centration and change in imaging and clinical parameters;
and longitudinally, the timing of NfL increases in partici-
pants who converted to the symtomatic stage during
follow-up.
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Statistical analysis

We did no formal sample size or power calculations as
analyses were done retrospectively. The follow-up duration
for each individual was defined as the time between the
first and the last available serum sample (data cutoff
Dec 8, 2017).

For cross-sectional analyses, we identified three groups:
symptomatic mutation carriers, presymptomatic muta-
tion carriers (including those who converted to the
symptomatic stage during follow-up), and non-carriers.
We compared groups using Kruskal-Wallis tests with post-
hoc Dunn’s test, because NfL was not normally distributed.
NfL was normally distributed after log-transformation,
as confirmed by Kolmogorov-Smirnov tests and visual
inspection of histogram and Q-Q plots (appendix p 4). We
compared log(NfL) between clinical groups by ANCOVA,
adjusting for age; disease duration was included as a
covariate in comparisons between symptomatic mutation
carriers. NfL was correlated with each of the regional
brain volumes (model Al), MMSE (model A2), and FTLD-
CDR (model A3) through multiple linear regression,
adjusting for age, sex, and study site and, in brain volume
analyses, for MRI scanner type. MMSE and FTLD-CDR
analyses were restricted to symptomatic mutation carriers
to study whether the severity of cognitive and functional
deficits during the course of frontotemporal demen-
tia was correlated with NfL. Diagnostic performance of
NfL was assessed via the area under the curve (AUC)
obtained by receiver operating characteristic analyses,
with optimal cutoffs determined by the highest Youden’s
index.

We fitted a linear regression model to analyse whether
baseline NfL in presymptomatic mutation carriers
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Symptomatic Presymptomatic Non-carriers p value
carriers carriers
n 59 149 127 NA
Sex, n (%)
Men 36 (61%) 52 (35%) 58 (46%) 0-002*
Women 23 (39%) 97 (65%) 69 (54%)
Age, years 63 (58-69) 45 (39-55) 50 (39-59) <0-00011
MMSE 25 (8-30) 30 (24-30) 30 (25-30) <0-0001%
FTLD-CDR 4-8(2:5-9°5) 0(0) 0(0) <0-0001%
Serum NfL, pg/ml 52 (24-69) 9 (6-13) 8 (6-11) <0-0001§
Follow-up duration, years (range) 12(0-5-8:1) 2:1(0-7-5-6) 2:2(0-8-4-9) NA
Samples per participant (range) 2 (2-5) 3(2-6) 2(2-6) NA

Continuous variables are median (IQR). Phenotypes of symptomatic mutation carriers: behavioral variant FTD (n=40),
primary progressive aphasia (n=11), FTD with amyotrophic lateral sclerosis (n=5), FTD with progressive supranuclear
palsy (n=1), memory-predominant FTD (n=1), FTD not otherwise specified (n=1). FTD=Frontotemporal dementia.
NfL= neurofilament light chain. MMSE=Mini Mental State Examination. FTLD-CDR=Frontotemporal Lobar
Degeneration-Clinical Dementia Rating scale. NA=not applicable. *Pearson y* test. Symptomatic carriers were older
than presymptomatic carriers and non-carriers, both overall and for each genotype separately (all comparisons
p<0-0001, Kruskal-Wallis test with post-hoc Dunn’s test). $Symptomatic carriers had lower MMSE and higher
FTLD-CDR than presymptomatic carriers and non-carriers (both comparisons p<0-0001, Kruskal-Wallis tests with
post-hoc Dunn’s test). SSymptomatic carriers had higher NfL concentrations than presymptomatic carriers and
non-carriers (both comparisons p<0-0001, ANCOVA on log-transformed NfL levels with correction for age).

Table 1: Baseline characteristics

1105



Articles

1106

Symptomatic carriers Presymptomatic carriers p value
GRN C9orf72 MAPT GRN C9orf72 MAPT
n 25 24 10 79 46 24 NA
Age, years 61 (56-67) 68 (62-74) 58 (56-63) 48 (39-57) 43 (38-55) 39 (33-45) <0-0001*
Age at symptom onset, years 58 (54-63) 63 (55-69) 55 (52-57) NA NA NA 0-039 T
Disease duration at baseline, years ~ 2-6 (1-1-4-6) 4.0 (2:0-6-6) 2:8(1-3-7-4) NA NA NA 0-144%

Continuous variables are median (IQR). NA=not applicable. *Symptomatic carriers were older than presymptomatic carriers and non-carriers, both overall and for each
genotype separately (all comparisons p<0-0001, Kruskal-Wallis test with post-hoc Dunn’s test). tSymptomatic C9orf72 mutation carriers were older at symptom onset than
MAPT mutation carriers (p=0-033, Kruskal-Wallis test with post-hoc Dunn’s test). #Kruskal-Wallis test.

Table 2: Gene-specific baseline characteristics

differed compared with non-carriers as they approached
their expected disease onset (model B). The large variation
in onset age within families would render analyses based
on family onset age invalid.”"'* Therefore, we used age as
a proxy to approaching symptom onset. We used log-
transformed baseline NfL and included age, mutation
status (mutation carrier or non-carrier), and an interact-
ion between these terms. Polynomials or natural cubic
splines of age did not improve the model fit. In the
case of a significant interaction term, estimated NfL at
ages 40—60 years with 2-year intervals was compared bet-
ween mutation carriers and non-carriers, with Bonferroni
correction.

For longitudinal analyses, we identified four groups:
symptomatic mutation carriers, presymptomatic mutation
carriers (who remained presymptomatic during follow-
up), converters (who developed frontotemporal dementia
during follow-up), and non-carriers. We analysed NfL
changes using linear mixed-effects models to account for
the correlation between repeated measurements in each
participant. We specified the following fixed-effects: time
(time=0 at first serum sample), clinical group (non-carrier,
presymptomatic carrier, converter, symptomatic carrier,
and non-carriers as the reference group), age, sex, study
site, and an interaction term between time and clinical
group (model C). We included random intercepts and
slopes of time per participant. NfL was log-transformed
to meet the models’ assumptions. We selected appropri-
ate random and fixed effects structures using likeli-
hood ratio tests. Polynomials or natural cubic splines of
time did not improve the model fit. Differences in NfL
change over time between mutation groups were studied
through post-hoc analyses with an interaction term
between time and the combination of mutation group and
clinical status.

We calculated rates of NfL change using mixed-effects
models with time as the fixed effect and a random slope
and intercept of time per participant (model D). We
correlated grey matter volume with rate of NfL change by
mixed-effects models with age, sex, study site, and MRI
scanner type as covariates, and an interaction between
time and rate of NfL change to study whether rate of
NfL change was associated with grey matter volume
change over time (model E1). We correlated NfL change

with MMSE and FTLD-CDR change in symptomatic
carriers using the same approach (model E2 and E3).
Formulas for all statistical models are shown in the
appendix (p 2). We did all statistical analyses in R and
SPSS (version 24). Statistical significance was set at
0-05 (two-sided).

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to all
the data in the study and had final responsibility for he
decision to submit for publication.

Results

We enrolled 335 participants from 14 centres collaborating
in GENFI. The final dataset included 59 symptomatic
(25 with mutations in GRN, 24 C9orf72, and ten MAPT)
and 149 presymptomatic (79 with mutations in GRN,
46 C9orf72, and 24 MAPT) mutation carriers, and
127 non-carriers (tables 1, 2). We included 2-6 serum
samples for each participant from distinct time points,
totalling 891 samples. A small subset of these samples
was collected before participants had been included in
GENFI. The median follow-up duration between the first
and last sample was 2-1 years (appendix pp 3, 10). Nine
presymptomatic mutation carriers (six for GRN, one for
C9orf72, and two for MAPT) converted to the sympto-
matic stage during follow-up. Five symptomatic C9orf72
mutation carriers had concomitant amyotrophic lateral
sclerosis.

The mean coefficient of variation of duplicate NfL
measurements was 4-7% (range 0-15%). The mean
between-run coefficient of variation of quality control
samples was 8-3% (range 3-7-12%). Four samples were
excluded owing to visual haemolysis and one sample was
excluded owing to a coefficient of variation of greater than
15% and insufficient serum to rerun the measurement.
The number of participants remained unchanged as
additional follow-up samples were available for each of
these participants. T1-weighted volumetric imaging was
available at baseline in 276 participants and at follow-up
in 258 participants (2—4 scans per participant, mini-
mum interval between scans: 6 months).

www.thelancet.com/neurology Vol 18 December 2019
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Baseline NfL in symptomatic mutation carriers (median
52 pg/mL[IQR 24-69]) was higher than in presymptomatic
carriers (9 pg/mL [6-13]) and non-carriers (8 pg/mL [6-11];
both p<0-0001). These differences were also seen for each
mutation group separately. Symptomatic GRN muta-
tion carriers had higher baseline NfL (69 pg/mL) than
did symptomatic C9orf72 mutation carriers (39 pg/mL;
p=0-005; after exclusion of patients with frontotemporal
dementia and amyotrophic lateral sclerosis: 37 pg/mL;
p=0-004) and MAPT mutation carriers (20 pg/mL;
p<0-0001). Correction for age and, in the latter comparison,
disease duration on log-transformed NfL yielded similar
p values (figure 1A).

Age correlated with NfL (r, 0-770; p<0-0001). This
correlation was also present when restricted to non-
carriers (r, 0-754; p<0-0001), with an estimated increase
of 1-2% per year. No difference in NfL was found between
men and women (9-6 pg/mL vs 9-2 pg/mL; p=0-101).

Overall, baseline NfL did not differ significantly bet-
ween presymptomatic mutation carriers and non-carriers
(p=0-892). However, modelled by age (model B), an
interaction was seen between mutation status and age
(p=0-045), with higher NfL in presymptomatic mutation
carriers than in non-carriers from the age of 48 years
(contrast estimate at 48 years 0-065 [SE 0-024]; p=0-033;
figure 1B).

Receiver operating characteristic analyses of baseline
NfL showed a high AUC to separate symptomatic from
presymptomatic mutation carriers (AUC 0-93 [95% CI
0-90-0-97)); sensitivity 86%, specificity 87% at cutoff
concentration 17 pg/mL) and to separate symptomatic
mutation carriers from non-carriers (AUC 0-95 [95% CI
0-92-0-98]; sensitivity 88%, specificity 91% at cutoff
concentration 15 pg/mL; appendix p 5).

Baseline NfL was correlated with baseline grey matter
volume of the whole brain (p=0-0003), frontal lobe
(p<0-0001), insula (p=0-0006), cingulate gyrus (p=0-005),
and temporal lobe (p=0-045; appendix p 12).

In symptomatic mutation carriers, baseline NfL was
correlated with baseline MMSE (n=55; p=0-003), but not
with baseline FTLD-CDR (n=48; p=0-221; appendix p 12).
No association was found between NfL and disease
duration (n=59; b=0-003 [SE 0-009]; p=0-749).

The mixed-effects model (model C) of NfL change over
time showed an overall interaction between time and
clinical status on NfL (F-test=10-6; p<0-0001; appendix
p 14). Non-carriers had relatively stable NfL concentrations
over time during follow-up (figure 2A; appendix p 6).
Two non-carriers had high NfL at baseline with large
decreases during follow-up.

Across all non-converting presymptomatic mutation
carriers, we found an increase in log(NfL) over time
(b=0-015 [SE 0-007]; p=0-044; appendix p 14; figure 2A).
Post-hoc analyses showed an increase in presymptom-
atic C9orf72-(b=0-030 [SE 0-011]; p=0-005), but not in
presymptomatic GRN (p=0-528) or MAPT (p=0-298)
mutation carriers (appendix p 15). We visually identified
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Figure 1: Neurofilament light chain concentration at baseline

(A) Baseline NfL in presymptomatic and symptomatic mutation carriers and
non-carriers. Participants in orange were presymptomatic at baseline and
converted to the symptomatic stage during follow-up. Grey squares show
symptomatic C9orf72 mutation carriers with both frontotemporal dementia and
amyotrophic lateral sclerosis. The dashed horizontal line is the suggested cutoff
value of 17 pg/mL to separate symptomatic mutation carriers from
presymptomatic mutation carriers. Reported p values are from ANCOVA on
log-transformed NfL concentrations with correction for age and, in comparisons
between symptomatic mutation carriers, disease duration. Error bars represent
median and IQR. (B) Baseline log(NfL) in presymptomatic mutation carriers and
non-carriers. Curves were drawn by a linear regression model with an interaction
term for age by carrier status (p=0-045; model B). Shaded areas represent

95% Cls. For masking purposes, the displayed x-axis range is 25-80 years

(nine participants not shown) and a jitter of + 2 years was added to all
participants (analyses were done on raw data). NfL=neurofilament light chain.

seven (non-converting) presymptomatic mutation carriers
(four for C9orf72 and three for GRN; median age at
baseline 63 years) with large increases during follow-up
(appendix p 7).

An increase in NfL over time was seen in converters
(b=0-097 [SE 0-018]; p<0-0001; figures 3, 2A). The group
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Figure 2: Neurofilament light chain change over time

(A) Estimated NfL trajectories for each clinical group, with curves drawn using
mixed-effects modelling (model C), for participants of median age. Dashed lines
are 95% Cls. (B) Rates of NfL change per year across clinical groups. The boxes
map to the median, 25th and 75th quartiles, and whiskers extend to 1.5 x IQR.
NfL=neurofilament light chain.

of nine converters had higher NfL at baseline (before
symptom onset) than did non-converting presymptomatic
mutation carriers (median 19 pg/mL [IQR 17-28] vs
8 pg/mL [6-11]; p=0-0007; corrected for age). Receiver
operating characteristic analyses showed an AUC of
0-93 (95% CI 0-89-0-98) to distinguish converters from
presymptomatic mutation carriers using baseline NfL
(sensitivity 100%, specificity 84%, cutoff 15-0 pg/mL;
appendix p 5). Details for each converter are shown in the
appendix (pp 8, 11).

In symptomatic mutation carriers, NfL did not change
during follow-up (b=0-017 [SE 0-010]; p=0-101) and
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Figure 3: Individual neurofilament light chain trajectories in converters
The dashed horizontal line marks the baseline median NfL concentration in
non-converting presymptomatic mutation carriers. NfL=neurofilament light chain.

remained elevated (figure 2A). Post-hoc analyses showed
an increase over time in GRN mutation carriers
(b=0-040 [SE 0-017]; p=0-019), with much variation in
individual NfL trajectories (appendix pp 7), whereas, in
symptomatic C9orf72 and MAPT mutation carriers, NfL
remained stable over time (p=0-650 for C9orf72 and
p=0-464 for MAPT; appendix p 15).

The rate of NfL change was higher in converters than in
non-carriers and non-converting presymptomatic muta-
tion carriers (both p<0-0001; model D; figure 2B).

Across all groups, the rate of NfL change was associ-
ated with the change over time in volume of the frontal
lobe, insula, cingulate gyrus, hippocampus, putamen (all
p<0-0001), whole brain volume (p=0-001), temporal lobe
(p=0-001), amygdala (p=0-012) and cerebellum (p=0-026)
(figure 4; coeflicients shown in the appendix p 16). The rate
of NfL change was associated with MMSE change over
time (n=49; b=—94-7 [SE 33-9]; p=0-003; appendix p 9), but
not with FTLD-CDR change (n=47; b=-3-46 [SE 46-3];
p=0-941; models E1-E3). Results for all statistical models
are given in the appendix (pp 12-16).

Discussion

This longitudinal study of the largest cohort of pre-
symptomatic and symptomatic genetic frontotemporal
dementia showed stable NfL concentrations in most
presymptomatic mutation carriers, a significant NfL in-
crease over conversion to the symptomatic stage, and
stable, elevated NfL over the course of frontotemporal
dementia. Increases in NfL were associated with more
pronounced atrophy rates in several brain regions.

We found elevated blood NfL in participants with gen-
etic frontotemporal dementia, with good diagnostic accu-
racy to distinguish symptomatic from presymptomatic
mutation carriers, in accordance with previous cross-
sectional studies.”® The correlation between cross-sec-
tional NfL and MMSE supports the clinical relevance
of this biomarker. We confirmed the previous finding of
especially high NfL in GRN-associated frontotemporal
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dementia,*”™® which could be due to extensive white
matter pathology.”

We describe three major findings regarding presymptom-
atic NfL increases. First, in converters, baseline NfL
(1-2 years before symptom onset) was higher than in non-
converting presymptomatic mutation carriers. Similar
findings have been reported in familial amyotrophic lateral
sclerosis.” Second, we found higher baseline NfL in
presymptomatic mutation carriers than in non-carriers
from the age of 48 years. These presymptomatic NfL
increases probably reflect early axonal damage in a pro-
dromal disease stage,” which might be a promising
intervention time for disease-modifying therapies. The
good diagnostic accuracy of baseline NfL to distinguish
converters from non-converting carriers (albeit in small
numbers) highlights the potential value of serum NfL as a
candidate selection tool. More pre-conversion data are
needed to determine whether the rate of NfL change might
be even more sensitive to imminent conversion. Most con-
verters in the present study were GRN mutation carriers,
which might—to some extent—have driven the overall
NfL increase in converters. In future studies, it will be
interesting to study gene-specific differences in the timing
of NfL increases. Finally, the large NfL increases seen in a
small number of non-converting presymptomatic muta-
tion carriers raise the question of whether these partici-
pants are approaching conversion. Further follow-up
evaluations as part of GENFI will reveal whether this is
the case.

The stable NfL concentrations in C9orf72 and MAPT
symptomatic carriers in our study are consistent with
previous findings in sporadic behavioural variant fronto-
temporal dementia,”® amyotrophic lateral sclerosis,**
and familial Alzheimer’s disease.* However, in GRN
mutation carriers, an overall increase over time was seen
with substantial fluctuations in NfL trajectories. Such
fluctuations could hamper the use of NfL as a biomarker
of treatment effect. Further research is needed to elucidate
confounding factors of NfL in GRN mutation carriers.
One possible explanation could lie in the severity of
neuroinflammation, which is thought to have an import-
ant role in GRN-associated frontotemporal dementia.””
Correlative analyses with longitudinal inflammatory bio-
markers could be insightful for this purpose.

The correlation between rate of NfL change and atrophy
rate of several brain regions is similar to previously
reported associations for grey matter atrophy in primary
progressive aphasia and familial and sporadic Alzheimer’s
disease.**” This finding suggests that the speed of
neuronal breakdown might determine the amount of NfL
shed into the extracellular fluid and, ultimately, into the
blood. The association of NfL with cerebellar volume
could be driven by the C9orf72 mutation carriers, for
whom prominent cerebellar atrophy has been described.”
The prominent associations with subcortical structures
support the hypothesis that areas rich in large-calibre
myelinated axons contribute more strongly to NfL release,
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Figure 4: Association between annual rate of log(NfL) change and rate of
brain volume change

Data are frontal volume change (A) and insular volume change (B), as extracted
from linear mixed-effects models (model D) in non-carriers, presymptomatic
carriers, symptomatic carriers, and converters. Shaded areas are 95% Cls. All
brain volumes are expressed as a percentage of total intracranial volume.

as NfL is an axonal protein.”* It will be interesting to know
whether NfL changes correlate with longitudinal white
matter measures, such as diffusion tensor imaging.

The absence of a correlation between changes in NfL
and changes in FTLD-CDR is not entirely surprising,
since most symptomatic mutation carriers had stable
NfL despite functional deterioration. NfL changes might
have preceded major functional decline; more sensitive
measures of early symptoms, such as neuropsychologi-
cal test scores or behavioural measures, could be more
suitable for these analyses."

Why NfL increases around conversion, and appears
to stabilise in most symptomatic mutation carriers, is
unexplained. The release and accumulation of NfL is
presumably counterbalanced by clearing mechanisms.?
The presence of autoantibodies against NfL, as des-
cribed in patients with amyotrophic lateral sclerosis,?*
could contribute to this equilibrium. The observed NfL
increases and decreases in some symptomatic muta-
tion carriers could be explained by disturbances in this
equilibrium (eg, during periods of more rapid or slow
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brain atrophy). Notably, NfL decreases have also been
described in some patients with behavioural variant fronto-
temporal dementia® and primary progressive aphasia.*

In two non-carriers and two presymptomatic muta-
tion carriers, we found high NfL at baseline with rapid
decreases over the follow-up period. We found no evi-
dence of sample processing or assay-based causes for
these unexpected fluctuations. Although brief medical
history and neurological examination did not reveal any
relevant neurological disorders, asymptomatic or minor
(transient) neurological comorbidities cannot be ruled
out as causative factors. A more detailed understanding
of confounding factors of serum NfL is important for its
clinical application and requires further study.

Major strengths of this study are the large number of
presymptomatic and symptomatic mutation carriers, all
of whom had multiple NfL measurements, and the
availability of corresponding neuroimaging datasets. The
inclusion of carriers of pathogenic mutations allowed us
to investigate pathologically homogeneous cohorts, in
contrast to studies of patients with clinically defined
frontotemporal dementia. Accurate measurement of NfL
was ensured using ultrasensitive Simoa technology, which
offers superior analytical sensitivity compared with ELISA
and electrochemiluminescence.”” Finally, we included
samples from mutation carriers across the entire spectrum
of disease, from presymptomatic to advanced stages of
frontotemporal dementia.

A weakness of this study is that reporting of symptom
onset was based, as in a clinical setting, on retrospective
estimations given by a caregiver, which could introduce a
certain amount of inaccuracy owing to the insidious nature
of frontotemporal dementia. Inevitably, in converters, a
certain time interval exists between symptom onset and
the diagnosis of frontotemporal dementia. We ensured
that this interval did not influence our estimates of NfL
increase by plotting individual NfL changes against symp-
tom onset rather than diagnosis. The risk of bias due to the
use of data from multiple centres was probably diminished
through the use of standardised protocols and statistical
correction for study sites. The association between the
slope of NfL change and changes over time in brain
volume and clinical parameters must be interpreted
considering limitations of the applied statistical model,
which used the estimated NfL slope as a fixed effect and,
therefore, did not account for variability of this estimation.
Finally, for correlative neuroimaging analyses, we used
combined volumes for left and right hemispheres and did
not account for asymmetric atrophy.

In summary, our findings highlight the value of serum
NfL as an easily accessible biomarker in genetic fronto-
temporal dementia. Repeated measurements might be a
suitable measure of disease activity in mutation carriers
before symptom onset. Replication of our findings in
a larger dataset with longer follow-up, allowing for
longitudinal evaluation of NfL with more complex statisti-
cal models, is needed to confirm this hypothesis. The

characterisation of NfL over the course of genetic fronto-
temporal dementia provides valuable information for
its use as a surrogate marker of treatment effect in
therapeutic trials.
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