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Abstract

Background Therapeutic development for frontotemporal dementia (FTD) is hindered by the lack of biomarkers
that inform susceptibility/risk, prognosis, and the underlying causative pathology. Blood glial fibrillary acidic protein
(GFAP) has garnered attention as a FTD biomarker. However, investigations of GFAP in FTD have been hampered

by symptomatic and histopathologic heterogeneity and small cohort sizes contributing to inconsistent findings.
Therefore, we evaluated plasma GFAP as a FTD biomarker and compared its performance to that of neurofilament
light (NfL) protein, a leading FTD biomarker.

Methods We availed ARTFL LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD) study resources
to conduct a comprehensive cross-sectional and longitudinal examination of the susceptibility/risk, prognostic,

and predictive performance of GFAP and NfL in the largest series of well-characterized presymptomatic FTD muta-
tion carriers and participants with sporadic or familial FTD syndromes. Utilizing single molecule array technology,

we measured GFAP and NfL in plasma from 161 controls, 127 presymptomatic mutation carriers, 702 participants
with a FTD syndrome, and 67 participants with mild behavioral and/or cognitive changes. We used multivariable lin-
ear regression and Cox proportional hazard models adjusted for co-variates to examine the biomarker utility of base-
line GFAP and NfL concentrations or their rates of change.

Results Compared to controls, GFAP and NfL were elevated in each FTD syndrome but GFAP, unlike NfL, poorly
discriminated controls from participants with mild symptoms. Similarly, both baseline GFAP and NfL were higher
in presymptomatic mutation carriers who later phenoconverted, but NfL better distinguished non-converters
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from phenoconverters. We additionally observed that GFAP and NfL were associated with disease severity indicators
and survival, but NfL far outperformed GFAP. Nevertheless, we validated findings that the GFAP/NfL ratio may discrimi-
nate frontotemporal lobar degeneration with tau versus TDP-43 pathology.

Conclusions Our head-to-head comparison of plasma GFAP and NfL as biomarkers for FTD indicate that NfL con-
sistently outmatched GFAP as a prognostic and predictive biomarker for participants with a FTD syndrome, and as a
susceptibility/risk biomarker for people at genetic risk of FTD. Our findings underscore the need to include leading
biomarkers in investigations evaluating new biomarkers if the field is to fully ascertain their performance and clinical

value.
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Keywords Behavioral variant frontotemporal dementia, Biofluid, Biomarker, Corticobasal syndrome, Glial fibrillary
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Background

Frontotemporal dementia (FTD), an umbrella term for
a group of clinical syndromes marked by progressive
behavior, language, executive function and/or motor
impairments, is a leading cause of dementia in individu-
als under the age of 65 years [1, 2]. While FTD syndromes
share symptoms, behavioral variant FTD (bvFTD), the
most common FTD syndrome, typically presents with a
change in personality or behavior associated with exec-
utive dysfunction. The nonfluent/agrammatic variant
of primary progressive aphasia (nfvPPA) is character-
ized by nonfluent speech, agrammatism and phonemic
errors, while semantic variant PPA (svPPA) is character-
ized by single-word comprehension and naming deficits
[3]. The parkinsonian disorders, corticobasal syndrome
(CBS) and progressive supranuclear palsy-Richardson
syndrome (PSP-RS), as well as bvFTD with amyotrophic
lateral sclerosis (FTD-ALS), are also included among the
FTD spectrum disorders.

Whereas FTD refers to clinical syndromes, the term
frontotemporal lobar degeneration (FTLD) refers to the
underlying neurodegenerative pathologies. The most
common FTLD pathologic types are FTLD-TDP and
FTLD-tau, which are respectively characterized by mis-
folded TAR DNA-binding protein 43 (TDP-43) and tau
proteins. Some FTD syndromes strongly associate with
FTLD-tau (i.e., PSP-RS) or FTLD-TDP (i.e.,, FTD-ALS)
[4], but bvFTD is just as likely to be caused by either
proteinopathy (with a small percentage of cases caused
by rarer FTLD pathologies). Consequently, other than
individuals with familial FTD caused by gene mutations
giving rise to TDP-43 (C9orf72, GRN or TARDBP) or tau
(MAPT) pathology, it is difficult to definitively determine,
during life, the underlying neuropathology of most FTD
syndromes, and presently impossible to do so for individ-
uals with sporadic bvFTD.

Given the clinical, genetic and neuropathological heter-
ogeneity within and among FTD syndromes, the success-
ful development of FTD treatments hinges on identifying

biomarkers that facilitate an early and accurate diagnosis,
predict phenoconversion for individuals at genetic risk,
inform prognosis, classify FTLD pathological subtypes,
and monitor the effects of novel interventions in clini-
cal trials. No single biomarker will fulfill all these needs.
However, we previously evaluated plasma neurofilament
light (NfL) protein, a marker of neuronal injury, across
FTD spectrum disorders and in presymptomatic FTD
mutation carriers; we found that NfL was elevated in pre-
symptomatic mutation carriers prior to phenoconversion
and in participants with FTD, and it associated with indi-
cators of disease severity [5].

Given findings that glial fibrillary acidic protein
(GFAP), an astrocytic cytoskeletal protein, shows prom-
ise as a biomarker for traumatic brain injury (TBI) [6],
Alzheimer disease [7] and other diseases, we examined
the potential utility of GFAP as a biomarker for FTD.
Indeed, some studies reported elevated blood GFAP in
participants with FTD compared to controls [8—18] but
others observed no such GFAP increase in FTD [19-22].
Similarly, some investigators [8, 11, 14] but not others [9,
21-23] found that blood GFAP concentrations correlate
with clinical markers of disease severity in participants
with FTD. Small cohort sizes and the heterogeneity of
FTD spectrum disorders may underlie these discrepan-
cies. For instance, grouping participants with different
FTD syndromes may increase statistical power but pos-
sibly at the expense of masking associations of inter-
est or incorrectly ascribing findings to a particular FTD
syndrome. Because of these limitations and the relative
dearth of studies investigating GFAP in FTD, whether
blood GFAP could be a useful FTD biomarker remains
unknown.

Establishing the putative utility of blood GFAP as a
FTD biomarker requires rigorous investigations utiliz-
ing large cohorts representing all FTD syndromes, and
the comparison of GFAP to more validated biomarkers,
such as NfL. We thus used ARTFL LEFFTDS Longitu-
dinal Frontotemporal Lobar Degeneration (ALLFTD;
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www.allftd.org) resources and conducted a compre-
hensive cross-sectional and longitudinal study to evalu-
ate and compare the prognostic, susceptibility/risk and
predictive performance of plasma GFAP and NfL in the
largest series of well-characterized presymptomatic FTD
mutation carriers and participants with FTD syndromes.

Methods
Study participants
The aim of this study was to determine whether plasma
GFAP is a reliable biomarker for FTD, and to compare
its biomarker utility to that of plasma NfL. To do so, we
used plasma from participants enrolled through either or
both North American multicenter observational studies:
Advancing Research and Treatment for Frontotemporal
Lobar Degeneration (ARTFL, NCT02365922), and Longi-
tudinal Evaluation of Familial Frontotemporal Dementia
Subjects (LEFFTDS, NCT02372773) [24], now combined
into the ARTFL-LEFFTDS Longitudinal Frontotemporal
Lobar Degeneration (ALLFTD, NCT04363684) study.
Human participant characteristics, which include age
at baseline, sex assigned at birth, age at symptom onset,
symptom duration (time between symptom onset and
plasma collection), body mass index (BMI), mutation
status, years of education, age at death, and neuropatho-
logical diagnosis are provided in Table 1. Data for some
characteristics, in particular BMI, were missing for some
participants and are reported in Table 1. All diagnoses
were made clinically using widely accepted published cri-
teria for each disorder [25, 26]. The 1,057 participants in
this study are comprised of 161 clinically normal, muta-
tion-negative individuals from kindreds with known
FTD-related gene mutations, 127 asymptomatic indi-
viduals with an FTD-causing mutation (presymptomatic
mutation carriers), 308 participants with bvFTD, 76 with
nfvPPA, 83 with svPPA, 92 with CBS, 143 with PSP-RS,
and 67 with mild behavioral and/or cognitive impair-
ments (MBCI). Within the MBCI group, 49 individu-
als were classified as having mild cognitive impairment,
and 18 were classified as having mild behavioral changes.
Participants clinically diagnosed with FTD-ALS were not
included in this study.

Genetic testing

Genetic testing for study participants was performed at
the University of California, Los Angeles as previously
described [27]. In brief, using targeted sequencing or
whole-genome sequencing, DNA samples were screened
for genes implicated in neurodegenerative diseases (e.g.,
APP, ATNX2, CHMP2B, FUS, GRN, MAPT, SQSTM]I,
TARDBPE, TBKl1, TIA1, UBQLNI1, VCP). Hexanucleo-
tide repeat expansions in C9orf72 were detected using
both fluorescent and repeat-primed PCR. Asymptomatic

Page 3 of 23

participants who completed clinical genetic testing and
who had no mutations in the screened genes were desig-
nated as controls.

Participant relatedness

Genome-wide single nucleotide polymorphism genotyp-
ing data were used to infer familial relatedness, as pre-
viously described [28]. Participant relatedness within
each phenotype group, and also in relation to controls
and presymptomatic mutation carriers, is summarized
in Tables S1, S2 and S3. Relatedness within phenotype
groups occurred most commonly for controls (32.9%
participants from families), presymptomatic mutation
carriers (36.2% participants from families), and par-
ticipants with MBCI (11.9% participants from families),
with a maximum of 3.9% subjects from families in the
remaining phenotype groups (Table S1). When examin-
ing relatedness to the control group, this occurred most
frequently in presymptomatic mutation carriers (61.4%
participants related to controls), participants with MBCI
(43.2% participants related to controls), and participants
with bvFTD (13.0% participants related to controls),
with a maximum of 3.3% participants related to con-
trols in other phenotype groups (Table S2). Relatedness
to presymptomatic mutation carriers occurred almost
exclusively in participants with MBCI (28.3%) or bvFTD
(11.7%) (Table S3).

Clinical procedures

Study participants recruited through ALLFTD under-
went annual standardized evaluations including partici-
pant and caregiver interviews, neurological assessments,
and neuropsychological testing. Clinical testing included
measures of clinical severity, such as the CDR® Demen-
tia Staging Instrument plus behavior and language
domains from the National Alzheimer’s Disease Coor-
dinating Center Frontotemporal Lobar Degeneration
module (CDR®+NACC-FTLD) [29], and the following
neuropsychological tests:

Montreal Cognitive Assessment (MoCA)

This 30-point cognitive screening tool evaluates visuos-
patial, semantic, phonemic and fluent language, working
memory, recall, attention, and orientation [30].

Northwestern Anagram Test (NAT)

For this measure of sentence production, individuals are
asked to organize words into ten grammatically correct
sentences accurately describing a picture stimulus, thus
allowing the detection of grammatic deficits indepen-
dently of speech production, word-finding impairments
and working memory capacity [31].
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Table 1 Participant characteristics according to phenotypic groups
Median (minimum, maximum) or No. (%) of participants
Variable Controls (N=161) PreSx (N=127) bvFTD nfvPPA svPPA CBS PSP-RS MBCI
(N=308) (N=76) (N=83) (N=92) (N=143) (N=67)
Age at baseline (years) 53 (40, 80) 49 (40, 80) 62 (32,85 70(49,86) 66(50,88) 68(40,87) 69(49,82) 60(30,82)
Sex (Male) 55 (34.2%) 64 (50.4%) 181 (58.8%) 34 (44.7%) 42 (50.6%) 48(52.2%) 75(524%) 34 (50.7%)
Age at symptom onset (years)  N/A N/A 58(26,80) 65(44,81) 60(38,81) 68(40,87) 69(49,82) 60 (30,82
Unknown N/A N/A 2 0 1 0 0 0
Symptom duration (years) N/A N/A 4(0,32) 4(1,12) 5(1,17) 4(0,32) 5(1,20) 2(0,54)
Unknown N/A N/A 2 0 1 0 14 2
BMI 27.8 259 27.5 26.0 257 26.1 258 279
(183,53.2) (16.5,42.3) (126,587) (124,350) (166,39.7) (175,405) (177,418 (188,39.2)
Unknown 36 18 47 13 12 11 29 23
Mutation status
None 161 (100.0%) 0 (0.0%) 189 (61.4%) 69(90.8%) 78(94.0%)  79(85.9%) 134(93.7%) 33 (49.3%)
CYorf72 0 (0.0%) 60 (47.2%) 56 (18.2%) 0 (0.0%) 1(1.2%) 2 (2.2%) 1(0.7%) 15 (22.4%)
GRN 0(0.0%) 34 (26.8%) 21 (6.8%) 6 (7.9%) 1(1.2%) 6 (6.5%) 0(0.0%) 7 (1 0.4%)
MAPT 0 (0.0%) 31 (24.4%) 32(104%) 0(0.0%) 1(1.2%) 1(1.1%) 1(0.7%) 1(16.4%)
C9orf72 and GRN 0 (0.0%) 2 (1.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) (O 0%)
Other 0 (0.0%) 0(0.0%) 3(1.0%) 1(1.3%) 1(1.2%) 1(1.1%) 0 (0.0%) 0 (0.0%)
Unknown 0 (0.0%) 0 (0.0%) 7(2.3%) 0 (0.0%) 1(1.2%) 3(3.3%) 7 (4.9%) 1(1.5%)
Years of education 16(12,22) 16 (10, 26) 16 (6, 26) 16(10,24)  16(12,21) 16 (5, 26) 16(12,24) 16 (9,20)
CDR+NACC-FTLD global score
0 160 (100%) 125 (100%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2(2.2%) 2 (1.6%) 1(1.5%)
0.5 0 (0.0%) 0 (0.0%) 18 (5.9%) 31 (40.8%) 1(134%) 24(26.1%) 21(16.8%) 65 (97.0%)
1 0 (0.0%) 0 (0.0%) 103 (33.8%) 31(40.8%) 48(58.5%) 40 (43.5%) 50(40.0%) 0 (0.0%)
2 0 (0.0%) 0(0.0%) 156 (51.1%) 12(15.8%) 22(26.8%) 22(23.9%) 42(33.6%) 1(1.5%)
3 0 (0.0%) 0 (0.0%) 28 (9.2%) 2 (2.6%) 1(1.2%) 4 (4.3%) 10 (8.0%) 0 (0.0%)
Follow-up after baseline GFAP  N/A N/A 301 (97.7%) 76(100.0%) 82(98.8%) 90(97.8%) 129(90.2%) N/A
and NfL measurement
Death N/A N/A 42 (14.0%) 16(21.1%) 13 (15.9%) 14 (15.6%) 20(155%) N/A
Age at death N/A N/A 66 (41,79  71(61,80) 68(57.0,81) 74(59,88) 73(57,83) N/A
(median; range)
Neuropathological assessment  N/A N/A 42 (13.6%) 16(21.1%) 13(15.7%)  14(152%) 22(154%) N/A
Tau pathology N/A N/A 20 (6.5%) 15(19.7%) 3 (3.6%) 11(120%) 22(154%) N/A
TDP-43 pathology N/A N/A 22 (7.1%) 1(1.3%) 10(12.0%) 3 (3.3%) 0 (0.0%) N/A

BMI Body mass index, bvFTD behavioral variant frontotemporal dementia, C8S Corticobasal syndrome, CDR® + NACC-FTLD global score CDR® Dementia Staging
Instrument plus behavior and language domains from the National Alzheimer’s Disease Coordinating Center FTLD module global score, MBCI Mild behavioral and/
or cognitive impairments, nfvPPA nonfluent/agrammatic variant of primary progressive aphasia, PreSx Presymptomatic, PSP-RS Progressive supranuclear palsy-

Richardson syndrome, svPPA semantic variant primary progressive aphasia

The Multilingual Naming Test (MINT)

This test detects naming deficits by asking participants
to name 32 black and white line-drawn items. The total
score includes items named correctly with semantic,
but not phonemic, cues [32].

Verbal semantic/category test
In two 60-s trials, this test requires participants to pro-
duce as many words as possible belonging to “animal”

or “vegetable” categories. The number of correct words
across both trials represents the final score.

Verbal fluency phonemic test

In two 60-s trials, this test requires participants to pro-
duce as many words as possible that begin with the let-
ter “F” or “L” The number of correct words across both
trials represents the final score.



Sheth et al. Molecular Neurodegeneration (2025) 20:30

Digit span backward

Participants are read a sequence of numbers that
become increasingly longer and must repeat the
sequence in reverse order.

Trail Making Test Part B (Trails B)

This executive function test consists of 24 circles on a
piece of paper; 12 circles having the numbers 1 to 12,
12 circles with the letters A to L. Participants are
tasked with drawing a line from one circle to the next in
ascending order, alternating between numbers and let-
ters [33].

Plasma GFAP and NfL concentration determination

Participant blood was collected in ethylene diamine
tetra-acetic acid (EDTA) tubes and centrifuged at
1,500 g at 4 °C for 15 min. The resulting plasma was
aliquoted and stored at -80 °C at the National Central-
ized Repository for Alzheimer’s Disease and Related
Dementias (NCRAD), and aliquots were shipped to the
Mayo Clinic in Jacksonville, FL. For the above-men-
tioned 1,057 participants in our study (Table 1), base-
line and longitudinal plasma GFAP concentrations were
measured using the GFAP discovery digital immuno-
assay (Quanterix, Cat# 102,336, Lot #503,909). Base-
line and longitudinal NfL concentrations from study
participants were measured using the NF-Light digital
immunoassay (Quanterix, Cat#103,186) using two sep-
arate kit lots; NfLL was measured in 1,061 plasma sam-
ples using Lot #501,992, and 630 plasma samples using
Lot #503,729. We also measured NfL in additional dis-
tinct plasma samples using both Lot #501,992 and Lot
#503,729 kits, which served as calibrators for inter-
assay normalization. Overall, across the 1,057 study
participants, matching baseline and longitudinal GFAP
and NfL measures were available for 1,691 samples.
GFAP and NfL were measured in a blinded manner
using the same HD-X Analyzer per the manufacturer’s
protocol. In brief, samples were thawed on ice, mixed
thoroughly by low-speed vortexing and centrifuged at
4 °C at 10,000 g for five min before transferring sam-
ples to 96-well plates. Samples were diluted 1:4 by the
instrument and tested in duplicate. In addition to par-
ticipant plasma samples, each run included eight cali-
brators and two quality control samples provided with
the kits, as well as a pooled reference sample provided
by NCRAD. When the concentration of GFAP or NfL
in a sample exceeded the upper limit of the calibration
curve, the sample was retested following an at-bench
dilution. Concentrations were interpolated from the

Page 5 of 23

standard curve using a 4-parameter logistic curve fit (1/
y? weighted).

Statistical analysis

General information

Statistical analyses were performed using SAS (version
9.4; SAS Institute, Inc., Cary, North Carolina) and all sta-
tistical tests were two-sided. Continuous variables were
summarized with sample median and range. Categorical
variables were summarized with participant number and
percentage. Baseline GFAP and NfL concentrations, and
the GFAP/NIfL ratio were examined on the base-2 loga-
rithm scale in all regression analyses due to their skewed
distributions. All co-variates adjusted for in multivari-
able regression models were pre-defined. A Bonferroni
correction for multiple testing was applied separately for
each biomarker for each group of similar statistical tests
(see specific statistical analysis sections below for details
on statistical significance levels for a given analysis).

Correlations of baseline plasma GFAP and NfL

Correlations between baseline GFAP and NfL were
assessed using Spearman’s test of correlation separately
for ten different groups, where p<0.005 was considered
statistically significant.

Associations of plasma biomarkers with age, sex, symptom
duration, and BMI

Separately for each phenotype group, associations of
baseline GFAP and NfL with age, sex, symptom dura-
tion (for symptomatic participants only), and BMI were
assessed using unadjusted and multivariable linear
regression models. Multivariable models were adjusted
for age and sex, and also for symptom duration for analy-
sis of symptomatic participants only. We did not adjust
for BMI in this or other subsequently mentioned multi-
variable analysis due to the aforementioned missing BMI
data. B coefficients and 95% confidence intervals (Cls)
were estimated and are interpreted as the change in mean
GFAP or NfL concentration corresponding to a specified
increase (age, symptom duration, BMI) or for females in
comparison to males. p<0.0167 (controls and presymp-
tomatic mutation carriers) or p<0.0125 (all symptomatic
groups) are considered statistically significant after cor-
recting for multiple testing separately for each phenotype

group.

Comparisons of baseline biomarker concentrations

among phenotype groups

Comparisons of baseline GFAP and NfL concentra-
tion between controls and seven phenotype groups,
and between presymptomatic mutation carriers and
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six phenotype groups were made using unadjusted and
age/sex-adjusted linear regression models. These linear
regression models were used when making these same
comparisons of baseline GFAP and NfL. between con-
trols or presymptomatic mutation carriers and pheno-
types groups for individuals with a CDR® + NACC-FTLD
global score of 0 or 0.5, and when stratifying by symptom
duration. B coefficients and 95% Cls were estimated and
are interpreted as the difference in mean GFAP or NfL
concentration (on the base-2 logarithm scale) between
the two groups of interest. p<0.0071 (controls vs. phe-
notype groups) and p <0.0083 (presymptomatic mutation
carriers vs. phenotype groups and controls vs. phenotype
groups when stratifying by disease duration) were con-
sidered statistically significant after correcting for mul-
tiple comparisons. Linear regression models adjusted for
age, sex and symptom duration were used to compare
GFAP and NfL concentration among the six symptomatic
groups where p<0.0033 was statistically significant after
correcting for the 15 pair-wise comparisons.

Linear regression models adjusted for age and sex
were used to compare baseline GFAP and NfL between:
1) controls and presymptomatic mutation carriers who
did or did not phenoconvert; and 2) non-converters and
phenoconverters; p<0.0167 was considered statistically
significant after correcting for these three comparisons.
These same linear regression models were used to com-
pare baseline GFAP and NfL between controls and pre-
symptomatic individuals with either a C9orf72, GRN or
MAPT mutation where p<0.0167 was considered as sig-
nificant following three comparisons vs. controls. B coef-
ficients and 95% Cls were estimated and are interpreted
as previously described.

Determination of the discriminatory power of baseline
biomarkers

To assess the ability of baseline GFAP and NfL to dis-
criminate between controls and phenotype groups, and
between presymptomatic mutation carriers and phe-
notype groups, we estimated the area under receiver
operating characteristic curve (AUC) values along with
95% ClIs, where an AUC equal to 0.5 represents no dis-
criminatory ability and an AUC equal to 1.0 represents
perfect discrimination. Unadjusted AUCs were initially
estimated, however, since age and sex differed among
groups and were also associated with baseline GFAP and
NfL concentrations, these AUC estimates were influ-
enced by age and sex and were consequently biased.
Therefore, for participants in a given comparison, we
calculated age and sex-adjusted AUC estimates by first
extracting the residuals from a linear regression model
where baseline GFAP or NfL. was the dependent vari-
able and both age and sex were independent variables,
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thereby essentially normalizing by age and sex. We then
compared these model residuals between the two groups
of interest to estimate AUC values for a given pair-wise
comparison in our adjusted analyses. When assessing the
combined ability of both GFAP and NfL to discriminate
between groups, age and sex-adjusted residuals were first
extracted as previously described, and AUC values were
estimated from a logistic regression model were these
residuals for both GFAP and NfL were included as covar-
iates and the outcome was the given dichotomous pheno-
type variable.

Determination of rates of change in biomarker
concentrations and in disease severity indicators

For participants having longitudinal GFAP and NfL
measurements and for whom the baseline and last meas-
urements were at least one year apart, we estimated, sep-
arately for each participant, the rate of change in GFAP
and NfL per year by extracting the B coefficient from a
linear regression model where GFAP or NfL was the
dependent variable and time since initial GFAP or NfL
measure was the independent variable (logarithm trans-
formations of GFAP and NfL were not used in these anal-
yses). This same strategy was applied when calculating
rate of change in disease indicators per year. These rates
of change were then utilized in subsequently described
statistical analyses.

Comparisons of rates of change in GFAP and NfL
concentrations among phenotype groups

Due to the combination of: 1) skewness and presence of
outliers in rates of GFAP and NfL change per year, and 2)
small sample sizes, we utilized a rank transformation of
rates of change per year in GFAP and NfL concentrations
in all regression analyses to minimize outlier impact on
the results [34].

Using linear regression models adjusted for age and
sex, we compared rate of change per year in GFAP and
NfL concentrations between: 1) controls and phenocon-
verters or non-converters, and 2) phenoconverters and
non-converters, where p<0.0167 is considered statisti-
cally significant after correcting for three pair-wise com-
parisons. Age and sex-adjusted linear regression models
were also used to compare rate of change per year in
GFAP and NfL concentrations between controls and
presymptomatic individuals with either a C9orf72, GRN
or MAPT mutation; p<0.0167 was again considered as
significant following the three comparisons vs. controls.
B coefficients and 95% confidence ClIs were estimated
and are interpreted as the difference in the mean rank
of rate of change in GFAP or NfL concentration per year
between the two groups being compared.
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We used linear regression models adjusted for age, sex
and symptom duration to compare rate of change per
year in GFAP and NfL concentrations between controls
and other phenotype groups. p <0.0071 is considered sta-
tistically significant after correcting for six comparisons
vs. controls.

Associations of baseline biomarkers with indicators

of disease severity

Associations of baseline GFAP and NfL with baseline
disease indicators were examined using linear regres-
sion models, separately in each phenotype group and in
the combined FTD group. Unadjusted models and multi-
variable models adjusted for age, sex, symptom duration
and years of education were evaluated.  coefficients and
95% Cls were estimated and interpreted as the change in
the mean outcome measure for each doubling in GFAP
or NfL concentration. p<0.00625 was considered sta-
tistically significant after correcting for the eight tests
of association that were performed in each phenotype
group.

Similarly, linear regression models were employed to
evaluate associations of baseline biomarkers with rate of
change per year in disease indicators for the combined
group of participants with bvFTD, nfvPPA, svPPA, CBS
or PSP-RS. p<0.0083 was considered statistically signifi-
cant after correcting for multiple comparisons.

Associations of baseline biomarkers with survival

after symptom onset

Associations of baseline GFAP and NfL with survival
after symptom onset were examined using Cox propor-
tional hazards regression models. Censoring occurred at
the age of the last known follow-up. Unadjusted models
were examined separately for each FTD syndrome and
for all FTD syndromes combined. Multivariable models
adjusted for age at symptom onset, sex, and symptom
duration were assessed only for the bvFTD group and
the combined group of FITD syndromes owing to the
much smaller number of deaths in the other phenotype
groups. Hazard ratios (HRs) and 95% CIs were estimated
and correspond to each doubling in GFAP or NfL con-
centration. To further assess the ability of baseline GFAP
and NfL to predict survival after symptom onset, c-index
was estimated both with and without GFAP or NfL in the
given multivariable model, where a c-index of 1.0 indi-
cates perfect predictive ability and a value of 0.5 indicates
predictive ability equal to chance. p <0.05 was considered
as statistically significant given that only one test of asso-
ciation was performed in each phenotype group for each
biomarker.
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Associations of baseline GFAP, NfL and GFAP/NfL according
to mutation status in the combined group of participants
with FTD syndromes

Unadjusted linear regression models and models
adjusted for age, sex and symptom duration were used
to compare, in the combined group of participants
with an FTD syndrome, baseline GFAP, NfL or the
GFAP/NfL ratio between: 1) non-mutation carriers
and C9orf72, GRN or MAPT mutation carriers; and 2)
C9orf72, GRN or MAPT mutation carriers. p <0.0083
is considered as statistically significant after correcting
for six pair-wise comparisons.

Associations of baseline GFAP and NfL with underlying
pathology

Of the participants clinically diagnosed with an FTD
syndrome (bvFTD, nfvPPA, svPPA, CBS or PSP-RS), 71
were neuropathologically diagnosed with FTLD-tau (18
with Pick’s disease, 26 with PSP, and 27 with cortico-
basal degeneration), and 41 were neuropathologically
diagnosed with FTLD-TDP. Of these 41 individu-
als with FTLD-TDP, 17 had FTLD-TDP type A, 9 had
FTLD-TDP type C, and 15 had FTLD-TDP of unknown
subtype. Individuals with a FTLD-TDP type B neuro-
pathological diagnosis were not included on the basis
that TDP-43 type B is associated with FTD-ALS pheno-
types [35], and that participants with ALS have signifi-
cantly higher plasma NfL than participants with FTD,
which may confound our analyses [5].

We compared baseline GFAP, NfL and the GFAP/NfL
ratio between participants with tau or TDP-43 pathol-
ogy using linear regression models adjusted for age at
biomarker measurement, sex, symptom duration, and
age of death. B coefficients and 95% CIs were estimated
and are interpreted as the difference in the mean GFAP,
NfL, or GFAP/NfL concentration (on the base-2 loga-
rithm scale) between the FTLD-tau and FTLD-TDP-43
groups.

Sensitivity analyses

We performed two different sensitivity analyses. First,
although it can be reasonably argued that participants
within a given family can be treated as independent in
the context of this study (as we have done for our pri-
mary analysis), it would also be reasonable to directly
address any possible within-family correlation in our
statistical analysis. Therefore, in secondary analyses,
aforementioned regression analyses were redone using
either generalized estimating equations (GEE) (for lin-
ear regression models) [36], or using a marginal models
approach (for Cox regression models) [37] to account for
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familial relatedness. Second, although we did not adjust
our primary multivariable models for BMI due to the
non-negligible amount of missing BMI data, in secondary
analysis we did assess our previously described multivari-
able models with additional adjustment for BMI.

Results

Participant characteristics

Using plasma obtained at baseline and follow-up visits,
we measured GFAP and NfL in plasma from clinically
normal, mutation-negative individuals from kindreds
with an FTD-causing mutation (controls, N=161),
presymptomatic individuals with a C9orf72 repeat
expansion or a GRN or MAPT mutation (N=127), and
participants with sporadic or genetic bvFTD (N=308),
nfvPPA (N=76), svPPA (N=83), CBS (N=92) or PSP-RS
(N=143). Participants with MBCI (N=67) were included
for comparison in some analyses [38]. Demographic and
clinical data are presented in Table 1. Table S4 indicates
the number of controls, presymptomatic phenoconvert-
ers, non-converters and other phenotype groups with
baseline and longitudinal GFAP and NfL measures, and
for whom rates of change of these biomarkers could be
determined.

First, we evaluated correlations of baseline GFAP
and NfL concentrations, finding a moderate to strong,
and highly statistically significant correlation in all par-
ticipants combined (Spearman’s r: 0.61, p<2.2E-16)
(Table S5). When examining each phenotype group sepa-
rately, correlations were weakest for PSP-RS (Spearman’s
r: 0.28, p=6.6E-04), CBS (Spearman’s r: 0.31, p=0.003),
and svPPA (Spearman’s r: 0.34, p=0.002), and strong-
est for MBCI (Spearman’s r: 0.62, p=6.5E-08), controls
(Spearman’s r: 0.59, p<2.2E-16), and presymptomatic
mutation carriers (Spearman’s r: 0.52, p < 3.6E-10).

To identify potential confounding variables that influ-
ence GFAP or NfL concentrations in each phenotype
group, we examined associations of baseline biomarkers
with age, sex, symptom duration (time between symp-
tom onset and plasma collection), and BMI in unad-
justed analyses (Table S6), and analyses adjusting for age,
sex and, when only symptomatic groups were included,
symptom duration (Table S7). In adjusted analysis,
increased GFAP concentration was associated with older
age in controls (p=1.6E-15), presymptomatic muta-
tion carriers (p=>5.2E-11) and participants with bvFTD
(p=2.7E-10), svPPA (p=3.0E-05), PSP-RS (p=0.005) or
MBCI (p=1.5E-06), with female sex in participants with
bvFTD (p=1.3E-09) or nfvPPA (p=0.005), and with a
higher BMI in participants with PSP-RS only (p=0.0012)
(Fig. 1a, Table S7). GFAP was not associated with symp-
tom duration in any symptomatic group. In adjusted
analyses, higher NfL. was significantly associated with
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older age in controls (p=1.4E-14), presymptomatic
mutation carriers (p=6.1E-10) and participants with
bvFTD (p=0.004), CBS (»p=0.004) or MBCI (p=8.2E-
04), with female sex in controls (p=0.003) and partici-
pants with bvFTD (p=1.9E-07), with shorter symptom
duration in participants with bvETD (p=0.004), and with
higher BMI in participants with bvFTD only (p=0.0018)
(Fig. 1b, Table S7). Accordingly, below we discuss results
from analyses adjusted for age and sex and, when appro-
priate, other potential confounders (e.g., symptom dura-
tion, education, age at death). Data from both unadjusted
and adjusted analyses are provided in supplemental
tables.

Plasma GFAP is elevated in FTD syndromes

We compared baseline plasma GFAP concentrations
between controls or presymptomatic mutation carri-
ers with all other groups (Table S8 and S9). GFAP was
elevated in all groups except presymptomatic mutation
carriers and participants with MBCI when compared to
controls (all p<0.001), and in participants with bvFTD
(p=1.9E-06), nfvPPA (p=0.006) or CBS (p=5.1E-05)
when compared to presymptomatic mutation carri-
ers (Fig. 2a, Table S9). In contrast, NfL was significantly
higher in all groups, including presymptomatic mutation
carriers and participants with MBCI, when compared to
controls (all p<0.004), and in all groups when compared
to presymptomatic mutation carriers (p <0.002) (Fig. 2b,
Table S9). Results were largely similar when stratifying by
symptom duration (<5 years vs.>5 years; Tables S10 and
S11).

When performing baseline GFAP pair-wise com-
parisons between FTD syndromes, GFAP did not dif-
fer among them (Table S12). However, it was lower in
individuals with MBCI compared to those with bvFTD
(p=7.7E-05) or CBS (p=6.8E-04). Similarly, NfL did not
differ among FTD syndromes, but it was lower in the
MBCI group compared to all other groups (all p<0.001)
(Table S12).

GFAP poorly discriminates controls from participants

with mild behavioral and/or cognitive impairment

The data above suggest that, compared to GFAP, plasma
NfL better discriminates controls from individuals with
MBCI or an FTD syndrome, and this was further cor-
roborated by estimating AUC values (Figs. 2a and 2b,
Tables S8 and S9). Baseline GFAP distinguished controls
from symptomatic groups with an age and sex adjusted
AUC value of 0.53 for participants with MBCI, and AUCs
ranging from 0.56 to 0.68 for all other symptomatic
groups, the latter indicating poor to moderate discrimi-
natory ability (Fig. 2a, Table S9). Conversely, baseline NfL
discriminated controls from symptomatic groups with an
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Fig. 1 Associations of plasma GFAP and NfL concentrations with age and sex in some phenotype groups. Associations of baseline concentrations
of GFAP (a) or NfL (b) with age and sex assessed using linear regression models adjusted for age, sex and, for bvFTD, also for symptom duration. The
number of participants (n), 3 coefficients (), 95% confidence intervals (95% Cl) and p values are shown. p <0.025 (controls and presymptomatic
mutation carriers) or p<0.017 (bvFTD) are considered statistically significant. Grey circles represent seven bvFTD participants with an unknown
mutation status, two bvFTD participants with a TARDBP mutation, and one bvFTD participant with a likely VCP pathogenic variant. GFAP and NfL

concentrations are shown on the base 2 logarithm scale. Black horizontal

bars represent median GFAP or NfL concentrations. See also Tables S6

and S7 for associations of baseline GFAP and NfL with age, sex and disease duration in other disease groups

age and sex adjusted AUC value of 0.69 for participants
with MBCI, and AUCs ranging from 0.78 to 0.87 for all
other symptomatic groups, the latter indicating good to
excellent discriminatory ability (Fig. 2b, Table S9). Simi-
lar findings for baseline GFAP or NfL were observed
when distinguishing presymptomatic mutation carriers

from symptomatic groups (Tables S8 and S9) and when
stratifying by symptom duration (<5 years vs.>5 years;
Tables S10 and S11). Including both GFAP and NfL when
comparing controls or presymptomatic mutation carri-
ers with each phenotype group did not markedly increase
AUC values when compared to NfL alone (Table S13).
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Fig. 2 Baseline plasma GFAP and NfL are elevated in FTD syndromes. a, b Comparison of baseline plasma GFAP (a) and NfL (b) between healthy
controls or presymptomatic mutation carriers and all participants for a given symptomatic group. ¢, d Comparison of baseline GFAP (c) and NfL
(d) between controls or presymptomatic carriers and participants in symptomatic groups with a CDR® + NACC-FTLD global score of 0 or 0.5.

a-d Heat maps show AUCs comparing controls to the indicated groups that either include all individuals (All participants) or only those

with an CDR® +NACC-FTLD global score of 0 or 0.5 (Mildly impaired participants) from unadjusted or age and sex-adjusted analyses. The number
of participants (n) is shown. p values are from analysis adjusted for age and sex; p<0.0071 (comparisons to controls) or p < 0.0083 (comparisons
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Further underscoring differences between baseline
biomarkers in discriminating asymptomatic individu-
als from symptomatic individuals, we observed that,
compared to controls, NfLL (p <0.004) but not GFAP
(p=0.013 to 0.74), was significantly higher in partici-
pants with a CDR® + NACC-FTLD global score of 0 or
0.5 after correcting for multiple comparisons (Figs. 2¢
and 2d, Tables S14 and S15). Indeed, when considering
only these participants with questionable or minimal
impairment, the accuracy of baseline GFAP in discrim-
inating controls from each symptomatic group was
poor; age and sex adjusted AUC values ranged from
0.52 to 0.61 (Fig. 2¢c, Table S15). In contrast, baseline
NfL distinguished controls from symptomatic groups

with an age and sex adjusted AUC value of 0.69 for
participants with MBCI, and AUC values ranging from
0.85 to 0.93 for all other symptomatic groups (Fig. 2d,
Table S15). Findings were similar when comparing pre-
symptomatic mutation carriers to symptomatic groups
(Tables S14 and S15).

GFAP demonstrates less utility as a susceptibility/risk
biomarker compared to NfL

On the basis of our findings above that baseline NfL
concentrations may facilitate the discrimination of
asymptomatic individuals from those with early stage
disease, and reports that blood NfL. may facilitate the
identification of presymptomatic mutation carriers
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Rates of biomarker change
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Fig. 3 GFAP demonstrates less utility as a susceptibility/risk biomarker compared to NfL. a, b Comparison of baseline GFAP (a) or NfL (b)
concentrations in presymptomatic carriers who phenoconverted to controls or to presymptomatic carriers who remained asymptomatic

for at least one year. ¢, d Comparison of baseline GFAP (c) or NfL (d) concentrations in controls to presymptomatic individuals with either a

C90rf72, GRN or MAPT mutation. e, f Comparison of GFAP (e) or NfL (f) rates of change in presymptomatic carriers who phenoconverted to controls
or to presymptomatic carriers who remained asymptomatic for at least one year. g, h Comparison of GFAP (g) or NfL (h) rates of change in controls
to presymptomatic individuals with either a C9orf72, GRN or MAPT mutation. The number of participants (n) is shown. p values are from analysis
adjusted for age and sex. p<0.0167 is considered statistically significant. ***p<0.0001, **p<0.01 and *p=0.013 (comparison to controls); *p < 0.01
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quartile, median, third quartile, and maximum values. See Table S16 relating to panels a, b, e and f, and Table S18 relating to panels ¢, d, g and h

at risk of phenoconversion [5, 39-41], we examined
whether baseline plasma GFAP can similarly distin-
guish the 74 presymptomatic mutation carriers who did
not develop symptoms within one year from baseline

from the 29 presymptomatic mutation carriers who
did phenoconvert. The 24 presymptomatic individuals
for whom conversion status could not be determined
due to limited follow-up data were excluded from these
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analyses (Table S4). For phenoconverters, the median
time from baseline to conversion was 2.2 years (Range:
1.0-7.7 years), whereas the median time from base-
line to last follow-up in non-converters was 3.9 years
(Range: 1.0-8.1 years).

Compared to controls, both baseline GFAP
(p=0.006) and NfL (p=3.4E-07) were significantly
higher in presymptomatic phenoconverters, but not
in non-converters (Fig. 3a and b, Table S$16). How-
ever, when comparing baseline biomarkers between
presymptomatic mutation carriers who did or did not
phenoconvert, NfL (p =0.005) but not GFAP (p=0.19)
was significantly elevated in phenoconverters com-
pared to non-converters. In assessing the ability of each
biomarker to distinguish presymptomatic phenocon-
verters from non-converters or controls (Table S16),
we found that GFAP differentiated controls from con-
verters with an age and sex adjusted AUC value of
0.61, and between non-converters and converters with
an adjusted AUC of 0.54. In comparison, NfL differ-
entiated controls from converters with an age and sex
adjusted AUC of 0.77, and between non-converters and
converters with an adjusted AUC of 0.68. Including
both GFAP and NfL in the model comparing controls
or non-converters to converters did not increase AUC
values when compared to NfL alone (Table S17).

Although the limited number of phenoconverters pre-
cluded their analyses by mutation status, we compared
baseline GFAP or NfL in controls to presymptomatic
mutation carriers with either a C9orf72, GRN or MAPT
mutation. When compared to the control group, GFAP
did not differ between any mutation group, while NfL
was higher in the C9orf72 group (p=0.013) but not the
GRN or MAPT groups (Fig. 3c and d, Table S18).

Next, assuming a more rapid increase in GFAP or NfL
over time may foretell the imminence of phenoconver-
sion, we compared rates of biomarker concentration
change among controls, presymptomatic phenoconvert-
ers and non-converters for individuals with longitudinal
biomarker measurements at least one year from baseline
(Fig. 3e and f, Table S16). Compared to controls, the rate
of change of NfL (p=2.6E-07), but not GFAP (»p=0.017),
was significantly higher in presymptomatic phenocon-
verters but not non-converters. When comparing rates
of biomarker change between presymptomatic mutation
carriers who did or did not phenoconvert, NfL (p=0.002)
but not GFAP (p=0.27) rate of change was significantly
elevated in phenoconverters compared to non-convert-
ers after correcting for multiple comparisons. The rate
of GFAP change distinguished controls from pheno-
converters with an adjusted AUC of 0.65, and between
non-converters and converters with an adjusted AUC of
0.58. In comparison, the rate of NfL change distinguished

Page 12 of 23

controls from converters with an adjusted AUC of 0.78,
and between non-converters and converters with an
adjusted AUC of 0.70. Combined, these data indicate that
NfL better discriminates phenoconverters from controls
and presymptomatic non-converters.

When examining rates of GFAP or NfL change between
controls and presymptomatic mutation carriers with a
C9orf72, GRN or MAPT mutation, no difference in rates
of GFAP change were noted. However, compared to con-
trols, NfL rates of change were higher in GRN (p=0.006)
and MAPT (p=0.006) mutation carriers but not C9orf72
mutation carriers (p=0.05) (Fig. 3g and h, Table S18).

GFAP and NfL trajectories across prodromal

and symptomatic phases

To further probe and compare changes in GFAP and NfL
across disease stages, we evaluated rates of GFAP or NfL
change among phenotype groups compared to controls
(Fig. 4, Table S19). The rate of GFAP change was greater
for participants with MBCI (p=0.002) but not for other
phenotype groups when compared to controls. However,
the rate of NfL change was greater in the presymptomatic
group (p=1.9E-04), the aforementioned phenoconverters
(p=2.6E-07), and in participants with MBCI (p=0.003),
bvFTD (p=1.1E-06), a PPA (p=5.8E-08) or a Parkin-
sonian disorder (»p=0.003) when compared to controls
(Fig. 4, Table S19).

Plasma GFAP and NfL associate with disease severity
indicators

We compared the prognostic potential of plasma GFAP
and NfL. For each FTD spectrum disorder separately
and for all FTD groups combined, we analyzed asso-
ciations of baseline biomarkers with baseline indica-
tors of clinical severity (CDR®+NACC-FTLD sum of
boxes, CDR®+NACC-FTLDsb), global cognitive func-
tion (Montreal Cognitive Assessment, MoCA), language
deficits (Northwestern Anagram Test, NAT; Multilingual
Naming Test, MINT; category fluency; phonemic flu-
ency) and executive function (Digit Span Backward; Trail
Making Test Part B, Trails B). Disease severity indicator
characteristics and scores according to phenotype groups
are shown in Table S20, and data from unadjusted and
adjusted analyses are provided for baseline GFAP (Tables
S21 and S22) and baseline NfL (Tables S23 and S24).

For all FTD groups combined and for bvFTD alone,
higher GFAP associated with worse performance on
all tests except for the MINT and Trails B (Table S22).
When assessing each FTD syndrome separately, sig-
nificant (p<0.0062) or nominally significant (p<0.05)
associations with GFAP were seen for nfvPPA (phone-
mic fluency), svPPA (Digit span backward and Trails B),
CBS (CDR®+NACC-FTLDsb, MoCA and Digit Span
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Fig. 4 Rates of GFAP and NfL change across prodromal and symptomatic phases. a,b For individuals with one or more serial GFAP (a) or NfL (b)
measurements at least one year from baseline, we show comparisons of rate of change in biomarker concentrations per year for controls, all
presymptomatic mutation carriers combined (All PreSx), presymptomatic carriers who did not convert (Non-conv), those that did phenoconvert
(Phenoconv) and participants with MBCI, bvFTD, PPA or parkinsonian disorders. The number of participants (n) is shown. p values are from analysis
adjusted for age and sex when comparing rates of GFAP or NfL. change between controls and the indicated groups. p<0.0071 is considered
statistically significant; ****p <0.0001, *** p<0.001 and **p <0.01. See also Table S19

Backward), PSP-RS (CDR®+ NACC-FTLDsb, MoCA and
MINT), and MBCI (category fluency).

In adjusted analysis, increased NfL associated with
worse performance on all tests for all FTD groups com-
bined and for bvFTD alone (Tables S24). Significant or
nominally significant associations with NfL were seen
for svPPA (CDR®+NACC-FTLDsb, MoCA, NAT,
MINT, category fluency and Digit Span Backward),
CBS (CDR®+NACC-FTLDsb, phonemic fluency, and
Digit Span Backward), PSP-RS (MoCA, category flu-
ency, phonemic fluency, Digit Span Backward and
Trails B), and MBCI (MoCA, and phonemic fluency).
For associations of GFAP or NfL with disease sever-
ity indicators in the smaller phenotype groups, where
power to detect associations was lower, estimated
coefficients were often similar to those observed for the
larger bvFTD group; nevertheless, GFAP showed infe-
rior prognostic utility compared to NfL.

For all FTD syndromes combined, we also evaluated
whether baseline biomarkers were associated with rates
of change in disease severity indicators for individu-
als with longitudinal clinical data spanning at least one
year from baseline. Given the small sample size, this
allowed the study of six tests (CDR® + NACC-FTLDsb,
MoCA, MINT, category fluency, phonemic fluency and

Digit Span Backward) (Table S25). Baseline GFAP failed
to associate with rates of change for any of the disease
severity indicators. In contrast, increased baseline NfL
associated with a faster longitudinal decline in perfor-
mance for the CDR®+NACC-FTLDsb, MoCA and
MINT (all p £0.005).

Baseline plasma GFAP and NfL predict survival

after symptom onset

Given our findings that baseline GFAP and NfL associ-
ate with markers of disease severity, we postulated that
higher concentrations of these biomarkers would asso-
ciate with shorter survival in participants with FTD. We
tested this hypothesis for the 678 individuals having post-
baseline information. The median length of follow-up
after symptom onset was five years (range: 1 to 35 years),
and 105 participants (15.5%) died.

Higher GFAP concentrations associated with an
increased risk of death after symptom onset in partici-
pants with bvFTD (HR=2.01, p=0.001) and the com-
bined group of FID syndromes (HR=1.36, p=0.006).
Higher NfL concentrations more strongly associated
with a greater risk of death after symptom onset in par-
ticipants with bvFTD (HR=2.97, p=4.7E-10), and in all
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Fig. 5 Plasma NfL better predicts survival after symptom onset than plasma GFAP. Comparisons of baseline GFAP (a, b) or NfL (¢, d) concentrations
in predicting survival after symptom onset in participants with bvFTD or in the combined group of participants with a FTD syndrome. For ease

of presentation, GFAP and NfL were divided into a 2-level categorical variable based on sample medians. bvFTD, n=301 (participants who died,
n=42); all FTD syndromes, n=678 (participants who died, n=105). In (a): Low < 247.00 pg/ml, High > 247.00 pg/ml. In (b): Low < 237.00 pg/ml,
High>237.00 pg/ml. In (c): Low <42.00 pg/ml, High >42.00 pg/ml. In (d) Low < 32.00 pg/ml, High >32.00 pg/ml. See also Table S26

FTD syndromes combined (HR=2.39, 4.2E-13) (Fig. 5
and Table S26).

We also examined the ability of either biomarker to
independently predict survival from symptom onset by
estimating the c-index of multivariable Cox regression
models that either included or excluded GFAP or NfL
(Table S26). Our analyses demonstrated that, except for
the bvFTD group, c-indexes only marginally increased
when adding GFAP to the multivariable models; for
example, the c-index in all FTD syndromes combined

increased only by 0.008 (from 0.888 to 0.896 when
including GFAP). In contrast, adding NfL to multivari-
able models yielded greater increases in the c-index; in
all FTD syndromes combined, including NfL increased
the c-index by 0.03 (from 0.888 to 0.917).

Associations of GFAP, NfL and the GFAP/NfL ratio

with underlying FTLD pathology

Given reported evidence that the ratio of GFAP/NfL con-
centrations discriminates tau vs. TDP-43 pathology [42],
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Fig. 6 Baseline NfL and GFAP/NfL ratio can discern FTLD-tau from FTLD-TDP pathology. a-c Comparisons of baseline GFAP (a), NfL (b), or GFAP/
NfL (c) in the combined group of participants with a FTD syndrome with no mutation, or either a C90rf72, GRN, or MAPT mutation. p values

are from analysis adjusted for age, sex and symptom duration. p <0.0083 is considered statistically significant; ****p <0.0001 (comparison

to no mutation participants, “None"); *#p <0.0001 (comparison to GRN mutation carriers). d-f Comparisons of GFAP (d), NfL (e), or GFAP/NfL (f)
between neuropathologically confirmed participants with FTLD-tau or with FTLD-TDP. p values are from analysis adjusted for age at biomarker
measurement, sex, symptom duration, and age at death. p <0.025 is considered statistically significant; ****p <0.0001. In all panels, the number

of participants (n) is shown, and horizontal bars represent median GFAP, NfL or GFAP/NfL concentrations, which are shown on the base 2 logarithm

scale. See Tables 527 and 528 for panels (a-c), and Table S29 for panels (d-f)

we sought to validate these findings. Towards this end,
we examined baseline GFAP, NfL and GFAP/NfL in indi-
viduals clinically diagnosed with an FTD syndrome and
who carry a pathogenic variant associated with FTLD-
Tau (MAPT) or FTLD-TDP (C90rf72 or GRN) (Fig. 6a-c,
Tables S27 and S28). GFAP concentrations in participants
with a C9orf72, GRN or MAPT mutation did not differ
from FTD participants with no mutation, nor did GFAP

differ among the three mutation groups when perform-
ing pair-wise comparisons (Fig. 6a, Tables S27 and S28).
Baseline NfL was significantly higher in FTD participants
with a GRN mutation compared to participants with no
mutation (p=1.6E-12), and higher in GRN mutation car-
riers when compared to C9orf72 (p=2.7E-06) or MAPT
(p=9.5E-08) mutation carriers (Fig. 6b, Tables S27 and
S28). Conversely, the GFAP/NfL ratio was significantly
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lower in GRN mutation carriers compared to mutation-
free counterparts (p=4.8E-06), and when compared to
CYorf72 (p=1.4E-05) or MAPT (p=3.7E-05) mutation
carriers (Fig. 6¢, Tables S27 and S28).

To specifically determine the performance of baseline
GFAP, NfL or the GFAP/N{L ratio in distinguishing tau
versus TDP-43 pathology, we evaluated whether these
markers differ between individuals with neuropathologi-
cally confirmed FTLD-tau or FTLD-TDP. GFAP did not
differ between FTLD-tau or FTLD-TDP cases (p=0.47),
whereas NfL was significantly higher in FTLD-TDP than
in FTLD-tau (p=1.8E-07), and GFAP/NfL was signifi-
cantly lower in FTLD-TDP than FTLD-tau (p=7.6E-05)
(Fig. 6d-f, Table S29). NfLL and GFAP/NfL respectively
discriminated these two groups with an adjusted AUC
value of 0.78 and 0.73 while GFAP showed virtually no
discriminatory power (AUC=0.55) (Table S29). While
the data suggest that NfL and the GFAP/NfL ratio can
discriminate between these two groups, the findings
appear to be largely driven by NfL.

Sensitivity analyses

When accounting for possible correlation in measures
between members of the same family, results from our
primary analysis were very similar to those using a GEE
or marginal model approach (comprehensive data not
shown). For example, compared to controls, baseline
plasma GFAP concentrations where higher in all groups
except presymptomatic mutation carriers and MBCI (all
p <6.0E-07), and baseline NfL was significantly higher in
all phenotype groups (including presymptomatic muta-
tion carriers and MBCI participants) compared to con-
trols (all p<0.001). As another example, in line with
our primary analysis, higher GFAP concentrations were
associated with an increased risk of death after symp-
tom onset in participants with bvFTD and the combined
group of all FTD syndromes (HR=2.11, p=6.0E-08 and
HR=1.40, p=1.2E-06, respectively). Likewise, higher
NfL associated with an increased risk of death in par-
ticipants with bvFTD and the combined group of all
FTD syndromes (HR=3.28, p=2.0E-15 and HR=2.63,
p=1.1E-11, respectively).

In a second sensitivity analysis, we compared results
from the primary multivariable analysis (where BMI was
not adjusted for) to results when also adjusting multi-
variable models for BMI. For these analyses, we included
only participants with BMI data to allow for a fair com-
parison of findings with and without BMI in the given
model. Additional model adjustment for BMI had mini-
mal impact on any findings (data not shown).
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Discussion
Findings from several studies indicate that blood GFAP
is elevated in FTD and/or has potential as a prognos-
tic biomarker for FTD [8-14, 17, 18, 23]. Nevertheless,
few studies compared the performance of GFAP to NfL,
which is the most investigated fluid biomarker in FTD,
and one that shows promise as a prognostic biomarker
and potentially as a susceptibility/risk marker. By leverag-
ing large cohorts of participants with sporadic or genetic
bvFTD, nfvPPA, svPPA, CBS or PSP-RS, and clinically
normal individuals with or without FTD-causing muta-
tions, we conducted a head-to-head comparison of
plasma GFAP and NfL to elucidate their respective bio-
marker capabilities. We found that both plasma GFAP
and NfL increase in presymptomatic mutation carriers
prior to phenoconversion, are significantly elevated in
each FTD spectrum disorder, and are associated with
clinical markers of disease severity. However, despite our
observation that plasma GFAP and NfL concentrations
correlate in each phenotype group, which has also been
shown by others [8, 9, 16, 21, 23], our findings demon-
strate that NfL considerably outperforms GFAP.

Consistent with prior studies [8-16, 43—-47], we show
that both baseline plasma GFAP and NfL are elevated
in each FTD spectrum disorder compared to controls.
However, plasma NfL surpassed GFAP in distinguish-
ing controls from individuals with FTD. Combining
both plasma GFAP and NfL in the same model did not
appreciably increase the discriminatory power owing to
the already excellent ability of NfL to distinguish healthy
controls from participants, which is in line with a prior
report [8]. We also show that neither biomarker dif-
fers between nor discriminates among FTD syndromes.
Although few studies compared blood GFAP among syn-
dromes, those that did perform group comparisons either
showed no difference in blood GFAP between bvFTD,
nfvPPA or svPPA [8], or noted higher serum GFAP in
nfvPPA compared to CBS and PSP-RS [11]. Similarly,
NIfL was comparable between nfvPPA and svPPA [48, 49],
and between bvFTD, nfvPPA, and svPPA [8, 43]. Finally,
in evaluating rates of change of biomarker concentra-
tions, we found that GFAP rates of change in participants
with bvFTD, a PPA or a Parkinsonian disorder do not dif-
fer from that of controls, whereas NfL rates of change are
higher in participants with bvFTD, a PPA or a Parkinso-
nian disorder. In aggregate, our data suggest that base-
line NfL concentrations and their rates of change could
potentially serve as a response marker in interventional
trials with the expectation that lowering NfL levels would
indicate slowing of disease progression.

Given that plasma GFAP and NfL are elevated not only
in FTD but also in other neurological diseases such as
Alzheimer disease [7], stroke [50, 51], and TBI [6], these
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biomarkers are not anticipated to serve as FI'D-specific
diagnostic markers. However, measuring GFAP and NfL
could potentially provide a means to respectively confirm
or rule out astrogliosis or neuronal injury for individu-
als in the prodromal stage of FTD. Upon investigating
this, we noted that plasma NfL, but not plasma GFAP, is
elevated in participants with MBCI and in FTD partici-
pants presenting with only mild symptoms. Indeed, NfL
showed an excellent ability in discriminating these par-
ticipants from healthy controls, suggesting that NfL, in
tandem with traditional diagnostic testing, may inform
the diagnosis of questionable cases and facilitate a more
rapid diagnosis.

We and others have shown that blood NfL could prove
useful in detecting impending symptom onset in pre-
symptomatic mutation carriers [5, 39-41, 52]. In agree-
ment with our prior studies [5, 40], which included a
subset of individuals in the present study, we found that
both baseline NfL and rates of NfL change were signifi-
cantly higher in presymptomatic phenoconverters com-
pared to non-converters, and showed a similar ability
to discriminate between these two groups. In contrast,
neither baseline GFAP nor its rate of change significantly
differed between presymptomatic phenoconverters and
non-converters, and the addition of GFAP to models
comparing baseline NfL between non-converters and
converters did not increase discriminatory power. While
GFAP appears an unlikely susceptibility/risk biomarker,
we must nonetheless consider that grouping C9orf72,
GRN and MAPT mutation carriers may mask its poten-
tial utility as a susceptibility/risk biomarker within a
given mutation group.

To elucidate the prognostic power of both biomark-
ers, we examined associations of baseline plasma GFAP
or NfLL with indicators of global cognitive function,
executive function and language ability in each FTD
syndrome. In the largest group of bvFTD participants,
higher GFAP significantly associated with worse per-
formance on all baseline assessments except for MINT
and Trails B. Conversely, GFAP failed to associate with
longitudinal changes in any of the assessments. In con-
trast, higher NfL in participants with bvFTD associated
with worse performance at baseline on all assessments,
and with a faster longitudinal decline in performance
on the CDR®+NACC-FTLDsb, the MoCA, and MINT;
overall, NfL showed greater prognostic potential. For the
smaller phenotype groups of nfvPPA, svPPA, CBS and
PSP-RS, GFAP and NfL associated with some assessment
scores but not all; however, this is to be anticipated since
each syndrome is initially characterized by a predomi-
nant clinical trait and because cohort sizes were smaller.
Comparing our observations on the prognostic potential
of GFAP or NfL with prior findings is complicated by
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differences in the FTD syndromes examined, the choice
of psychometric tests, and cohort size. Even so, in par-
ticipants with FTD, GFAP associated with poorer scores
on the CDR®+NACC-FTLDsb, phonemic and seman-
tic fluency tests, Trails B, and the Mini-Mental State
Exam (MMSE; an alternate cognitive test to the MoCA)
[8, 11], which aligns with our results, although other
studies showed no such associations [9, 21-23]. Simi-
larly, NfL was found to associate with worse scores on
the CDR®+NACC-FTLDsb, MMSE and semantic tests
[9, 46, 47], while another study found no association of
blood NfL with measures of executive function [53].

To further compare the prognostic performance of
GFAP and NfL, in adjusted analysis, we evaluated the
ability of baseline GFAP and NfL to predict survival after
disease onset in participants with bvETD or all FTD syn-
dromes combined, finding that both higher GFAP and
NfL concentrations associated with an increased risk
of death in these groups. Consistent with our findings,
some studies found higher blood GFAP [12] and NfL [54,
55] to predict shorter survival in participants with FTD,
whereas another study found no association of GFAP
with risk of death [11].

In addition to biomarkers that predict phenoconver-
sion and inform prognosis, biomarkers that can clas-
sify participants with tau or TDP-43 pathology may also
increase the likelihood of successfully developing effec-
tive treatments for FTD. For example, biomarkers capable
of identifying individuals with tau or TDP-43 pathology
in life would allow the enrichment of appropriate partici-
pants in clinical trials testing potential treatments target-
ing tau or TDP-43. This would be especially useful for
participants with sporadic bvFTD, who are almost just
as likely to have TDP-43 or tau pathology. Recently, the
Irwin group reported excellent discrimination of FTLD-
tau from FTLD-TDP using the ratio of GFAP and NfL in
plasma, which was greater than the discriminatory power
of either plasma GFAP or NfL alone [42]. In a similar
fashion, we evaluated the performance of baseline GFAP,
NfL or the GFAP/NIL ratio in distinguishing tau versus
TDP-43 pathology for participants clinically diagnosed
with bvFTD, nfvPPA, svPPA, CBS or PSP-RS, and hav-
ing a neuropathological diagnosis of FTLD-tau or FTLD-
TDP. Although GFAP showed virtually no discriminatory
power, NfLL and GFAP/NfL did discriminate between
FTLD-tau and FTLD-TDP groups, but the latter was
largely driven by NfL. Discrepancies between our find-
ings and those from the Irwin group, may result from dif-
ferences in inclusion criteria; whereas participants with
ALS or FTLD-TDP type B were included in the Irwin
study [42], they were excluded from our study given that
TDP-43 type B is associated with FTD-ALS phenotypes
[35], and participants with ALS have significantly higher
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plasma NfL than participants with FTD, which may con-
found our analyses [5]. While GFAP/NfL may show util-
ity in informing underlying pathologies in participants
with FTD, additional antemortem methods to identify
tau or TDP-43 pathology are needed. It thus warrants
noting that exciting new avenues in the pursuit of tau
or TDP-43-related biomarkers are underway, includ-
ing measures of cryptic peptides as surrogate markers
of TDP-43 pathology [56-58], and emerging methods to
measure tau and TDP-43 in plasma extracellular vesicles
[59], or to detect tau or TDP-43 aggregates in cerebrospi-
nal fluid [60, 61].

Along with the above-mentioned biomarker utilities
of NfL, it could also serve as a response biomarker. For
example, in a phase 2 clinical trial (NCT04993768) eval-
uating TPN-101 (a retrotransposon) as a treatment for
PSP-RS, it was found to reduce NfL concentrations and
to stabilize clinical symptoms [62]. Moreover, clinical tri-
als led by Biogen (NCT04288856) or Wave Life Sciences
(NCT04931862), each testing distinct investigational
antisense oligonucleotides that target GGGGCC repeat
transcripts as a treatment for C9orf72-associated ALS/
FTD, failed to show clinical benefit in line with increased
NfL concentrations [63, 64]. Due to its prognostic util-
ity, NfL measures may additionally improve clinical trial
design by enabling the well-balanced stratification of
slow and fast progressors across treatment arms, thereby
decreasing treatment outcome variability [65, 66].

Strengths of our study include measuring, in a blinded
manner and at one site, both plasma GFAP and NfL in
a large series of well-characterized individuals diagnosed
with bvFTD, nfvPPA, svPPA, PSP and CBS along with
presymptomatic mutation carriers and controls; per-
forming head-to-head comparisons of GFAP and NfL;
including cross-sectional and longitudinal assessments
of both biomarkers; examining the prognostic poten-
tial of each biomarker in each syndrome separately; and
evaluating the combined use of GFAP and NfL to inform
pathology in participants with FTD. Also of importance,
the GFAP and NfL data, along with extensive clinical
data, are accessible to the scientific community through
ALLFTD.

Our study also has limitations. Participants enrolled
in the study may not represent the general FTD popula-
tion, and diagnoses were made using clinical rather than
neuropathologic assessments. Also, despite a number of
studies demonstrating associations of lower BMI with
increased blood NfL concentrations in healthy controls,
individuals with mild cognitive impairment, or patients
with neurological diseases [67-72], we did not adjust
our primary multivariable models for BMI as this would
have excluded the 18% of participants for whom BMI
data were not available. Nonetheless, we performed a
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secondary analysis adjusting for BMI for individuals with
BMI data and results were largely consistent between
our primary and secondary analysis. Our analysis also
did not account for the varied medications or supple-
ments taken by participants; however, findings from a
recent study suggest that microglia play a role in clearing
NfL and that certain drugs, like minocycline, inhibit this
clearance and consequently may increase NfL concentra-
tions in the absence of neurodegeneration [73]. Accord-
ingly, the use of minocycline and other medications
could confound the interpretation of NfL. measures. It
also bears mentioning that some study participants were
family members of other participants both within and
between phenotype groups. On one hand, this could be
viewed as a strength as comparisons between groups are
less likely to be confounded by unmeasured environmen-
tal and socioeconomic factors when family members are
among the groups being compared. On the other hand,
the inclusion of family members within and between
groups has the potential to introduce more correlation
between measures (e.g., NfL. and GFAP) than what would
be observed between unrelated individuals. We have thus
accounted for this possibility by performing sensitiv-
ity analyses and observed similar findings between our
primary analyses and analyses in which we used GEE or
marginal model approaches. Finally, due to the smaller
sample size of some groups, the possibility of a false-
negative finding is important to consider. We cannot con-
clude that a true difference or association does not exist
simply due to the occurrence of a non-significant p-value,
accordingly, emphasis should be placed on 95% confi-
dence limits when interpreting results.

Conclusions

The present study provides a roadmap for the rigor-
ous evaluation of novel FTD biomarkers. In aggregate,
our thorough cross-sectional and longitudinal analy-
ses from the largest series of participants with an FTD
syndrome and asymptomatic individuals with a FTD-
causing mutation show that plasma NfL consistently out-
performs plasma GFAP as a prognostic, susceptibility/
risk, and predictive biomarker. Findings from our study
also underscore the need to include leading biomarkers
in investigations evaluating new biomarkers if we are to
fully ascertain their performance and clinical value — an
approach that is adopted too infrequently.
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