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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.

Keywords Behavioral variant frontotemporal dementia, Biofluid, Biomarker, Corticobasal syndrome, Glial fibrillary 
acidic protein, Neurofilament light, Plasma, Primary progressive aphasia, Presymptomatic, Progressive supranuclear 
palsy‑Richardson’s syndrome

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, SQSTM1, 
TARDBP, TBK1, TIA1, UBQLN1, VCP). Hexanucleo-
tide repeat expansions in C9orf72 were detected using 
both fluorescent and repeat-primed PCR. Asymptomatic 

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].

http://www.allftd.org
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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.

Table 1 Participant characteristics according to phenotypic groups

BMI Body mass index, bvFTD behavioral variant frontotemporal dementia, CBS 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

Median (minimum, maximum) or No. (%) of participants

Variable Controls (N = 161) PreSx (N = 127) bvFTD
(N = 308)

nfvPPA
(N = 76)

svPPA
(N = 83)

CBS
(N = 92)

PSP-RS
(N = 143)

MBCI
(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 (52.4%) 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
(18.3, 53.2)

25.9
(16.5, 42.3)

27.5
(12.6, 58.7)

26.0
(12.4, 35.0)

25.7
(16.6, 39.7)

26.1
(17.5, 40.5)

25.8
(17.7, 41.8

27.9
(18.8, 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%)

 C9orf72 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 (10.4%)

 MAPT 0 (0.0%) 31 (24.4%) 32 (10.4%) 0 (0.0%) 1 (1.2%) 1 (1.1%) 1 (0.7%) 11 (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%) 0 (0.0%)

 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%) 11 (13.4%) 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 
and NfL measurement

N/A N/A 301 (97.7%) 76 (100.0%) 82 (98.8%) 90 (97.8%) 129 (90.2%) N/A

Death N/A N/A 42 (14.0%) 16 (21.1%) 13 (15.9%) 14 (15.6%) 20 (15.5%) N/A

Age at death
(median; range)

N/A N/A 66 (41, 79) 71 (61, 80) 68 (57.0, 81) 74 (59, 88) 73 (57, 83) N/A

Neuropathological assessment N/A N/A 42 (13.6%) 16 (21.1%) 13 (15.7%) 14 (15.2%) 22 (15.4%) N/A

Tau pathology N/A N/A 20 (6.5%) 15 (19.7%) 3 (3.6%) 11 (12.0%) 22 (15.4%) 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
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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; NfL 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 

standard curve using a 4-parameter logistic curve fit (1/
y2 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/NfL 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. β coefficients and 95% confidence intervals (CIs) 
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. β coefficients and 95% CIs 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. β coef-
ficients and 95% CIs 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% CIs, 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, 

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 β 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. 
β coefficients and 95% confidence CIs 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. β coefficients and 
95% CIs 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 FTD 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.

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. β 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 

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 bvFTD (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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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).

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), β coefficients (β), 95% confidence intervals (95% CI) 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
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Further underscoring differences between baseline 
biomarkers in discriminating asymptomatic individu-
als from symptomatic individuals, we observed that, 
compared to controls, NfL (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. 2c 
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.  2c, 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 

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. c, 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 
to presymptomatics) were considered statistically significant. ****p < 0.0001 and **p < 0.01 (comparison to controls); ####p < 0.0001, ###p < 0.001 
and ##p < 0.01 (comparison to presymptomatic mutation carriers). Horizontal bars represent median GFAP or NfL concentrations, which are shown 
on the base 2 logarithm scale. See Tables S8 and S9 relating to panels a and b, and Tables S14 and S15 relating to panels c and d
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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 

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. c, d Comparison of baseline GFAP (c) or NfL (d) concentrations in controls to presymptomatic individuals with either a 
C9orf72, 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 
(comparison of phenoconverters to non‑converters). In panels a-d, horizontal bars represent median GFAP or NfL concentrations, which are shown 
on the base 2 logarithm scale. In panels e–h, rates of GFAP or NfL change are shown with box and whiskers plots representing minimum, first 
quartile, median, third quartile, and maximum values. See Table S16 relating to panels a, b, e and f, and Table S18 relating to panels c, d, g and h 
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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  S16). 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 

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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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 β 
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 FTD 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 

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
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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], 

Fig. 5 Plasma NfL better predicts survival after symptom onset than plasma GFAP. Comparisons of baseline GFAP (a, b) or NfL (c, 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
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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 (C9orf72 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 

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 C9orf72, 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 S27 and S28 for panels (a-c), and Table S29 for panels (d-f)
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lower in GRN mutation carriers compared to mutation-
free counterparts (p = 4.8E-06), and when compared to 
C9orf72 (p = 1.4E-05) or MAPT (p = 3.7E-05) mutation 
carriers (Fig. 6c, Tables S27 and S28).

To specifically determine the performance of baseline 
GFAP, NfL or the GFAP/NfL 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). NfL 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).

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, 
NfL 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 FTD-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 NfL 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 

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 bvFTD 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/NfL 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, NfL 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 GGG GCC  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 

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.

Abbreviations
ALLFTD  ARTFL‑LEFFTDS Longitudinal Frontotemporal Lobar 

Degeneration
ALS  Amyotrophic lateral sclerosis
ARTFL  Advancing Research and Treatment for Frontotem‑

poral Lobar Degeneration
AUC   Area under the receiver operating characteristic 

curve



Page 19 of 23Sheth et al. Molecular Neurodegeneration           (2025) 20:30  

β  Beta coefficient
bvFTD  Behavioral variant frontotemporal dementia
BMI  Body mass index
CBS  Corticobasal syndrome
CDR® + NACC‑FTLD  CDR® Dementia Staging Instrument plus behavior 

and language domains from the National Alzhei‑
mer’s Disease Coordinating Center Frontotemporal 
Lobar Degeneration module

CDR® + NACC‑FTLDsb  CDR® + NACC‑FTLD sum of boxes
CI  Confidence interval
FTD  Frontotemporal dementia
FTD‑ALS  bvFTD with ALS 
FTLD  Frontotemporal lobar degeneration
FTLD‑tau  Frontotemporal lobar degeneration with tau pathology
FTLD‑TDP  Frontotemporal lobar degeneration with TDP‑43 

pathology
GEE  Generalized estimating equations
GFAP  Glial fibrillary acidic protein
HR  Hazard ratio
LEFFTDS  Longitudinal Evaluation of Familial Frontotemporal 

Dementia Subjects
MBCI  Mild behavioral and/or cognitive impairments
MINT  Multilingual naming test
MMSE  Mini mental state examination
MoCA  Montreal cognitive assessment
NAT  Northwestern anagram test
NCRAD  National Centralized Repository of Alzheimer’s Dis‑

ease and Related Dementias
NfL  Neurofilament light
nfvPPA  Nonfluent/agrammatic primary progressive aphasia
PSP‑RS  Progressive supranuclear palsy‑Richardson syndrome
svPPA  Semantic variant primary progressive aphasia
TDP‑43  TAR‑DNA binding protein 43
Trails B  Trail making test part B
TBI  Traumatic brain injury

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13024‑ 025‑ 00821‑4.

Supplementary Material 1: Table S1: Summary of relatedness when 
considering each phenotype group separately. Table S2: Summary of 
relatedness in each phenotype group in comparison to controls. Table S3: 
Summary of relatedness in each phenotype group in comparison to the 
presymptomatic group. Table S4: Breakdown of baseline and longitudinal 
biomarker measures and rates of their change in phenotype groups. 
Table S5: Correlations between baseline GFAP and baseline NfL. Table S6: 
Associations of baseline biomarkers with age, sex, symptom duration, 
and BMI in phenotype groups – unadjusted analysis. Table S7: Associa‑
tions of baseline biomarkers with age, sex, symptom duration, and BMI in 
phenotype groups – adjusted analysis. Table S8: Comparisons of baseline 
biomarkers between controls or presymptomatic mutation carriers and 
phenotype groups – unadjusted analysis. Table S9: Comparisons of base‑
line biomarkers between controls or presymptomatic mutation carriers 
and phenotype groups – adjusted analysis. Table S10: Baseline biomarker 
comparisons between asymptomatic groups and symptomatic groups 
stratified by symptom duration – unadjusted analysis. Table S11: Baseline 
biomarker comparisons between asymptomatic groups and symptomatic 
groups stratified by symptom duration – adjusted analysis. Table S12: 
Comparisons of baseline GFAP and NfL concentration between disease 
groups. Table S13: AUC values from models including both biomarkers 
when comparing asymptomatic groups to phenotype groups. Table S14: 
Comparisons of baseline biomarkers between asymptomatic groups 
and mildly impaired phenotype groups – unadjusted analysis. Table S15: 
Comparisons of baseline biomarkers between asymptomatic groups and 
mildly impaired phenotype groups – adjusted analysis. Table S16: Compar‑
ison of baseline biomarkers or their rates of change between controls and 
phenoconverters or non‑converters. Table S17: AUC values from models 

including both biomarkers when comparing controls to phenoconverters 
or non‑converters. Table S18: Comparison of baseline biomarkers or their 
rates of change by mutation status in asymptomatic groups. Table S19: 
Comparison of rate of change in GFAP and NfL concentrations between 
controls and phenotype groups. Table S20: Characteristics of disease 
severity indicators according to disease group. Table S21: Associations 
of baseline GFAP with baseline disease indicators in FTD syndromes and 
MBCI – unadjusted analysis. Table S22: Associations of baseline GFAP with 
baseline disease indicators in FTD syndromes and MBCI – adjusted analy‑
sis. Table S23: Associations of baseline NfL with baseline disease indicators 
in FTD syndromes and MBCI – unadjusted analysis. Table S24: Associations 
of baseline NfL with baseline disease indicators in FTD syndromes and 
MBCI – adjusted analysis. Table S25: Associations of baseline biomarkers 
with rates of disease indicator change in all FTD syndromes combined. 
Table S26: Associations of baseline GFAP and NfL with survival after symp‑
tom onset. Table S27: Comparisons of baseline biomarkers or their ratio by 
mutation status in all FTD syndromes combined. Table S28: Comparisons 
of baseline biomarkers or their ratio among mutation groups in all FTD 
syndromes combined. Table S29: Differences in baseline biomarkers or 
their ratio between FTLD‑tau or FTLD‑TDP pathology in FTD syndromes

Acknowledgements
We thank ALLFTD consortium members who collected samples and clinical, 
genetic and neuropathological data used in this study, as well as participants 
and their families, whose help and involvement made this work possible. We 
also wish to thank former ALLFTD consortium members, Anne Fagan, Murray 
Grossman and Daniel Kaufer, for their past contributions.

Authors’ contributions
T.F.G. conceived the analytical plan and oversaw the study. B.F.B., A.L.B., T.F.G., L.P., 
and H.J.R. contributed to the conception of the study. L.K.F., T.F.G., H.W.H., and U.S. 
contributed to the study design. U.S. measured GFAP and NfL concentrations in 
plasma. Statistical analyses were performed by M.G.H. and L.J.W and reviewed by 
T.F.G and U.S. Literature review was undertaken by T.F.G. and U.S. All other authors 
contributed through participant evaluations, collecting participant samples and/
or providing clinical, genetic or neuropathological data. The manuscript was writ‑
ten by T.F.G., U.S. and M.G.H. and was reviewed by all authors.

Funding
Data collection and dissemination were supported by the ALLFTD Consor‑
tium (U19AG063911; funded by the National Institute on Aging [NIA] and 
the National Institute of Neurological Diseases and Stroke [NINDS]) and the 
former ARTFL and LEFFTDS Consortia (ARTFL: U54NS092089, funded by the 
NINDS and National Center for Advancing Translational Sciences; and LEFFTDS: 
U01AG045390, funded by the NIA and NINDS). Samples from the NCRAD, 
which receives government support under a cooperative agreement grant 
(U24AG021886) awarded by the NIA, were used in this study. This work was also 
supported by the Association for Frontotemporal Degeneration (L.P.), the NINDS 
(R35NS097273 [L.P.], P01NS084974 [T.F.G. and L.P.], and P01NS099114 [T.F.G. and 
L.P.]), and the NIA (P30AG062677 [B.F.B., D.W.D., T.F.G., L.P.], P01AG019724 [A.L.B., 
H.J.R., W.W.S.], K24AG045333 [H.J.R.], and P30AG066509, [K.D.‑R.]).

Data availability
De‑identified participant clinical, demographic and biomarker data are avail‑
able from ALLFTD upon request. Investigators are required to complete the 
Request Clinical Data form on the request portal (https:// www. allftd. org/ data) 
and to review the data sharing and publication policy. Data that could identify 
a participant are not provided. Data requests are reviewed quarterly and 
generally fulfilled approximately four weeks after they are approved depend‑
ing on the complexity of the request. Any additional information required to 
reanalyze the data reported in this paper is available from the corresponding 
author and ALLFTD.

Declarations

Ethics approval and consent to participate
This study involves human participants enrolled through ALLFTD 
(NCT04363684), and was approved by the Johns Hopkins Medicine 

https://doi.org/10.1186/s13024-025-00821-4
https://doi.org/10.1186/s13024-025-00821-4
https://www.allftd.org/data


Page 20 of 23Sheth et al. Molecular Neurodegeneration           (2025) 20:30 

Institutional Review Board (IRB) serving as the single IRB for the ALLFTD Con‑
sortium (CR00042454/IRB00227492). Participants or their caregivers provided 
written informed consent.

Competing interests
B.S.A. receives research support from the Centers for Disease Control and 
Prevention, the National Institutes of Health (NIH), Ionis, Alector and the CJD 
Foundation. He has provided consultation to Acadia, Ionis and Sangamo.
B.F.B. has served as an investigator for clinical trials sponsored by Alector, 
Transposon, EIP Pharma and Cognition Therapeutics. He serves on the Scien‑
tific Advisory Board of the Tau Consortium which is funded by the Rainwater 
Charitable Foundation. He receives research support from NIH.
A.L.B. receives research support from the NIH, the Tau Research Consor‑
tium, the Association for Frontotemporal Degeneration, Bluefield Project to 
Cure Frontotemporal Dementia, the GHR Foundation and the Alzheimer’s 
Association. He has been a consultant for Alchemab, Alector, Alexion, Amylyx, 
Arrowhead, Arvinas, Eli Lilly, Muna, Neurocrine, Ono, Oscotec, Pfizer, Switch, 
Transposon, and UnlearnAI.
A.C.B. receives research support from the NIH, Cognition Therapeutics and 
EIP Pharma, serves as a consultant for Creative Biopeptides and Cognition 
Therapeutics, and serves on the data safety management board of AviadoBio 
Pharma.
B.C.D. is a consultant for Acadia, Alector, Arkuda, Biogen, Denali, Eisai, Genen‑
tech, Ilios, Lilly, Merck, Takeda, Wave Lifesciences. He also receives royalties 
from Cambridge University Press, Elsevier, Oxford University Press.
K.D.‑R. receives research support from the NIH and served as an investigator 
for a clinical trial sponsored by Lawson Health Research Institute.
T.M.F. receives research support from the NIH.
D.R.G. received research funding from the NIH and the Michael J Fox Founda‑
tion, served as a paid consultant for Eisai, Fujirebio and GE Healthcare, and 
serves on a DSMB for Artery Therapeutics.
T.F.G. receives research support from the NIH, and is a member of the Founda‑
tion for the National Institutes of Health (FNIH) Biomarkers Consortium.
N.R.G.‑R. receives royalties from UpToDate and has participated in multicenter 
therapy studies by sponsored by Biogen, Eisai, and Lilly. He receives research 
support from the NIH.
I.M.G. served as a site investigator for trials sponsored by Alector, Eisai and Bio‑
gen. For some trials for which he was site PI, he received funding from the NIH.
C.M.H. is a site principal investigator or sub‑investigator for several industry 
(Alector, Janssen, Biogen, Cogito Tx) sponsored clinical trials with funding 
through Emory Office of Sponsored Programs and receives funding from NIH.
M.G.H. is on the Molecular Neurodegeneration editorial board.
H.W.H. receives funding from NIH.
G.‑Y.R.H. has served as an investigator for clinical trials sponsored by Biogen, 
Cassava, and Eli Lilly. He receives research support from the Canadian Insti‑
tutes of Health Research and the Alzheimer Society of British Columbia.
E.D.H. receives research support from the NIH (R01AG062268, R01MH120794, 
U01AG79850).
D.I. receives research support from the NIH, as well as Prevail, Passage Bio, 
Alector and Denali.
J.Y.K receives research support from the Intramural Research Program, NINDS, 
NIH.
I.L. is supported by the National Institutes of Health grants: U01NS100610, 
U01NS80818, R25NS098999; U19 AG063911‑1, 1R21NS114764‑01A1 and 2 
P30 AG062429‑06; the Michael J Fox Foundation, Parkinson Foundation, Lewy 
Body Association, CurePSP, Roche, Abbvie, Biogen, Lundbeck, EIP‑Pharma, 
Novartis, Alterity and UCB. She is a Scientific advisor for Amydis (gratis), 
Aprinoia, and Rossy Center for Progressive Supranuclear Palsy University of 
Toronto. She receives her salary from the University of California San Diego 
and as Chief Editor of Frontiers in Neurology.
I.R.M. receives research funding from the Canadian Institutes of Health 
Research, the Alzheimer’s Association US, the NIH and the Weston Brain 
Institute.
J.C.M. receives grant support from the NIH, and participates in clinical trials 
sponsored by Biogen and Alector.
N.G. has participated or is currently participating in clinical trials of anti‑
dementia drugs sponsored by Bristol Myers Squibb, Eli Lilly/Avid Radiop‑
harmaceuticals, Janssen Immunotherapy, Novartis, Pfizer, Wyeth, SNIFF (The 
Study of Nasal Insulin to Fight Forgetfulness) and the A4 (The Anti‑Amyloid 
Treatment in Asymptomatic Alzheimer’s Disease) trial. She receives research 
support from Tau Consortium and the Association for Frontotemporal 

Dementia and is funded by the NIH. She serves as a consultant for the Blue 
Cross Blue Shield Association.
LÖ received funding from the Swedish Dementia Foundation.
C.U.O. has received research funding from the NIH, Lawton Health Research 
Institute, National Ataxia Foundation, Alector and Transposon. He is also sup‑
ported by the Robert and Nancy Hall Brain Research Fund, the Jane Tanger 
Black Fund for Young‑Onset Dementias and a gift from Joseph Trovato. He is a 
consultant with Alector Inc., Acadia Pharmaceuticals, Reata Pharmaceuticals, 
Otsuka Pharmaceuticals, Lykos Therapeutics, and Zevra Therapeutics. He 
serves of the scientific advisory boards of the Tau Consortium and the FTD 
Disorders Registry.
B.P. receives grant support from the NIH, and participates in clinical trials 
sponsored by Alector.
L.P. receives grant support from the NIH and the Association for Frontotempo‑
ral Degeneration, and has provided consultation to Expansion Therapeutics.
P.S.P. receives research funding from the NIH and has received research sup‑
port from the Doris Duke Fund to Retain Clinical Scientists.
R.R. receives research funding from the NIH and the Bluefield Project to Cure 
Frontotemporal Dementia. She is on the scientific advisory board of Arkuda 
Therapeutics and receives royalties from progranulin‑related patent. She is 
also on the scientific advisory board of the Foundation Alzheimer.
E.M.R. receives research support from the NIH.
E.D.R. has received research support from the NIH, the Bluefield Project to Cure 
Frontotemporal Dementia, the Alzheimer’s Association, the Alzheimer’s Drug 
Discovery Foundation, the BrightFocus Foundation, and Alector; has served as 
a consultant for AGTC and on a data monitoring committee for Lilly; and owns 
intellectual property related to tau.
H.J.R. has received research support from Eisai Pharmaceuticals and Genen‑
tech, and receives research support from the NIH and the state of California.
W.W.S has received consulting fees from BridgeBio, Guidepoint Global, Inc., 
and GLG Council; speaker honoraria from Verge Genomics; and compensation 
as a member of the scientific advisory board for Lyterian Therapeutics.
M.C.T. has served as an investigator for clinical trials sponsored by Biogen, 
Avanex, Green Valley, Roche/Genentech, Bristol Myers Squibb, Eli Lilly/Avid 
Radiopharmaceuticals and Janssen. She has served as a consultant for Eli Lilly, 
and Eisai Pharmaceuticals. She has received research support from Hoffman‑
Roche. She receives research support from the NIH, Weston Brain Foundation, 
CurePSP.
R.R.D, D.W.D, K.M.F., L.K.F, A.L.L., L.J.W, M.F.M, U.S. and A.S. have nothing to 
disclose.

Author details
1 Department of Neuroscience, Mayo Clinic, 4500 San Pablo Road, Jacksonville, 
FL 32224, USA. 2 Mayo Clinic Graduate School of Biomedical Sciences, Mayo 
Clinic, 4500 San Pablo Road, Jacksonville, FL 32224, USA. 3 Division of Clini‑
cal Trials and Biostatistics, Mayo Clinic, 4500 San Pablo Road, Jacksonville, FL 
32224, USA. 4 Memory and Aging Center, Department of Neurology, University 
of California San Francisco, 675 Nelson Rising Lane, San Francisco, CA 91358, 
USA. 5 Department of Neurology, Mayo Clinic, 200 First St, SW, Rochester, MN 
55905, USA. 6 Department of Medical and Molecular Genetics, The National 
Centralized Repository for Alzheimer’s Disease and Related Dementias, 351 W. 
10Th St TK‑217, Indianapolis, IN 46202, USA. 7 Department of Biomedical Sci‑
ences, University of Antwerp, Universiteitsplein 1, 2610 Antwerp, Belgium. 8 VIB 
Center for Molecular Neurology, VIB, Universiteitsplein 1, 2610 Antwerp, Bel‑
gium. 9 Department of Neurology, David Geffen School of Medicine, University 
of California Los Angeles, Reed Neurological Research Center, 710 Westwood 
Plaza, Los Angeles, CA 90095, USA. 10 Department of Neurology, Case Western 
Reserve University, 11100 Euclid Ave, Cleveland, OH 44106, USA. 11 Depart‑
ment of Neurology, University of North Carolina, 170 Manning Dr, Chapel Hill, 
NC 27599, USA. 12 Department of Neurology, Vanderbilt University, 1161 21St 
Ave S, Nashville, TN 37212, USA. 13 Department of Neurology, Frontotemporal 
Disorders Unit, Massachusetts General Hospital and Harvard Medical School, 
149 13th St, Boston, MA 02129, USA. 14 Department of Neurology, University 
of Washington, 1959 NE Pacific St, Seattle, WA 98195‑6465, USA. 15 Depart‑
ment of Neurosciences, University of California, 9500 Gilman Drive, La Jolla, CA 
92037‑0948, USA. 16 Departments of Neurology and Psychiatry, Washington 
University School of Medicine, Washington University, 660 South Euclid, St. 
Louis, MO 63110, USA. 17 Department of Neurology, Mayo Clinic, 4500 San 
Pablo Road, Jacksonville, FL 32224, USA. 18 Department of Neurology, Mesulam 
Center for Cognitive Neurology and Alzheimer’s Disease, Northwestern Fein‑
berg School of Medicine, 300 E. Superior, Tarry 8‑715, Chicago, IL 60610, USA. 



Page 21 of 23Sheth et al. Molecular Neurodegeneration           (2025) 20:30  

19 Center for Neurodegenerative Disease, Department of Neurology, Emory 
University School of Medicine and Emory, 12 Executive Park Drive, Atlanta, GA 
30329, USA. 20 Division of Neurology, University of British Columbia, S151‑2211 
Wesbrook Mall, Vancouver, BC V6T 2B5, Canada. 21 Department of Psychia‑
try and Human Behavior, Alpert Medical School of Brown University, 345 
Blackstone Boulevard, Providence, RI 02906, USA. 22 Department of Neurology 
and Penn Frontotemporal Degeneration Center, Perelman School of Medi‑
cine, University of Pennsylvania, 3400 Spruce St, Philadelphia, PA 19104, USA. 
23 Disorders and Stroke, National Institute of Neurological, National Institutes 
of Health, 10 Center Drive, Bethesda, MD 20892, USA. 24 Department of Neuro‑
sciences, University of California, 9452 Medical Center Drive, La Jolla, CA 92037, 
USA. 25 Department of Pathology and Laboratory Medicine, University of British 
Columbia, 2211 Wesbrook Mall, Vancouver, BC V6T 2B5, Canada. 26 Depart‑
ment of Neurology, Houston Methodist Neurological Institute, Weill Cornell 
Medicine, 6560 Fannin St, Houston, TX 77030, USA. 27 Department of Psychiatry 
and Behavioral Sciences, Johns Hopkins University School of Medicine, 600 
North Wolfe Street, Baltimore, MD 21287, USA. 28 Department of Neurology, 
University of Colorado School of Medicine, 12631 East 17Th Avenue, Aurora, 
CO 80045, USA. 29 Layton Aging and Alzheimer’s Disease Research Center, 
Oregon Health and Science University, 3181 SW Sam Jackson Park Road, 
Portland, OR 97239, USA. 30 Department of Neurology, University of Alabama 
at Birmingham, 1825 University Blvd, Birmingham, AL 35233, USA. 31 Divi‑
sion of Neurology, Tanz Centre for Research in Neurodegenerative Diseases, 
University of Toronto, 6 Queen’s Park Crescent West, Third Floor, Toronto, ON 
M5S 3H2, Canada. 32 Department of Pathology, University of California, San 
Francisco, 505 Parnassus Avenue, San Francisco, CA 94143, USA. 

Received: 3 October 2024   Accepted: 28 February 2025

References
 1. Knopman DS, Roberts RO. Estimating the number of persons with 

frontotemporal lobar degeneration in the US population. J Mol Neurosci. 
2011;45(3):330–5.

 2. Boeve BF, Boxer AL, Kumfor F, Pijnenburg Y, Rohrer JD. Advances and 
controversies in frontotemporal dementia: diagnosis, biomarkers, and 
therapeutic considerations. Lancet Neurol. 2022;21(3):258–72.

 3. Kertesz A, Finger E, Munoz DG. Progress in primary progressive aphasia: A 
review. Cogn Behav Neurol. 2024;37(1):3–12.

 4. Bahia VS, Takada LT, Deramecourt V. Neuropathology of frontotemporal 
lobar degeneration: a review. Dement Neuropsychol. 2013;7(1):19–26.

 5. Gendron TF, Heckman MG, White LJ, Veire AM, Pedraza O, Burch AR, 
Bozoki AC, Dickerson BC, Domoto‑Reilly K, Foroud T, et al. Comprehensive 
cross‑sectional and longitudinal analyses of plasma neurofilament light 
across FTD spectrum disorders. Cell Rep Med. 2022;3(4):100607.

 6. Abdelhak A, Foschi M, Abu‑Rumeileh S, Yue JK, D’anna L, Huss A, Oeckl P, 
Ludolph AC, Kuhle J, Petzold A, et al. Blood GFAP as an emerging biomarker 
in brain and spinal cord disorders. Nat Rev Neurol. 2022;18(3):158–72.

 7. Kim KY, Shin KY, Chang KA. GFAP as a Potential Biomarker for Alzheimer’s 
Disease: A Systematic Review and Meta‑Analysis. Cells. 2023;12(9).

 8. Zhu N, Santos‑Santos M, Illan‑Gala I, Montal V, Estelles T, Barroeta I, Altuna 
M, Arranz J, Munoz L, Belbin O, et al. Plasma glial fibrillary acidic protein 
and neurofilament light chain for the diagnostic and prognostic evalua‑
tion of frontotemporal dementia. Transl Neurodegener. 2021;10(1):50.

 9. Heller C, Chan E, Foiani MS, Todd E, Russell LL, Greaves CV, Heslegrave AJ, 
Warren JD, Zetterberg H, Bocchetta M, et al. Plasma glial fibrillary acidic 
protein and neurofilament light chain are measures of disease severity 
in semantic variant primary progressive aphasia. J Neurol Neurosurg 
Psychiatry. 2020.

 10. Marelli C, Hourregue C, Gutierrez LA, Paquet C, Menjot De Champfleur N, 
De Verbizier D, Jacob M, Dubois J, Maleska AM, Hirtz C, et al. Cerebro‑
spinal Fluid and Plasma Biomarkers do not Differ in the Presenile and 
Late‑Onset Behavioral Variants of Frontotemporal Dementia. J Alzheimers 
Dis. 2020;74(3):903–11.

 11. Benussi A, Ashton NJ, Karikari TK, Gazzina S, Premi E, Benussi L, Ghidoni 
R, Rodriguez JL, Emersic A, Binetti G, et al. Serum Glial Fibrillary Acidic 
Protein (GFAP) Is a Marker of Disease Severity in Frontotemporal Lobar 
Degeneration. J Alzheimers Dis. 2020;77(3):1129–41.

 12. Katisko K, Cajanus A, Huber N, Jaaskelainen O, Kokkola T, Karkkainen 
V, Rostalski H, Hartikainen P, Koivisto AM, Hannonen S, et al. GFAP as a 
biomarker in frontotemporal dementia and primary psychiatric disorders: 
diagnostic and prognostic performance. J Neurol Neurosurg Psychiatry. 
2021;92(12):1305–12.

 13. Sarto J, Ruiz‑Garcia R, Guillen N, Ramos‑Campoy O, Falgas N, Esteller D, 
Contador J, Fernandez G, Gonzalez Y, Tort‑Merino A, et al. Diagnostic 
performance and clinical applicability of blood‑based biomarkers in a 
prospective memory clinic Cohort. Neurology. 2023;100(8):e860–73.

 14. Benussi A, Cantoni V, Rivolta J, Archetti S, Micheli A, Ashton N, Zetterberg 
H, Blennow K, Borroni B. Classification accuracy of blood‑based and 
neurophysiological markers in the differential diagnosis of Alzheimer’s 
disease and frontotemporal lobar degeneration. Alzheimers Res Ther. 
2022;14(1):155.

 15. Baiardi S, Quadalti C, Mammana A, Dellavalle S, Zenesini C, Sambati L, 
Pantieri R, Polischi B, Romano L, Suffritti M, et al. Diagnostic value of 
plasma p‑tau181, NfL, and GFAP in a clinical setting cohort of prevalent 
neurodegenerative dementias. Alzheimers Res Ther. 2022;14(1):153.

 16. Bolsewig K, Hok AHYS, Sepe FN, Boonkamp L, Jacobs D, Bellomo G, 
Paoletti FP, Vanmechelen E, Teunissen CE, Parnetti L, et al. A Combina‑
tion of Neurofilament Light, Glial Fibrillary Acidic Protein, and Neuronal 
Pentraxin‑2 Discriminates Between Frontotemporal Dementia and Other 
Dementias. J Alzheimers Dis. 2022;90(1):363–80.

 17. Chen Y, Wang Y, Tao Q, Lu P, Meng F, Zhuang L, Qiao S, Zhang Y, Luo B, Liu 
Y, et al. Diagnostic value of isolated plasma biomarkers and its combina‑
tion in neurodegenerative dementias: A multicenter cohort study. Clin 
Chim Acta. 2024;558:118784.

 18. Wojdala AL, Bellomo G, Gaetani L, Toja A, Chipi E, Shan D, Chiasserini D, 
Parnetti L. Trajectories of CSF and plasma biomarkers across Alzheimer’s 
disease continuum: disease staging by NF‑L, p‑tau181, and GFAP. Neuro‑
biol Dis. 2023;189:106356.

 19. Oeckl P, Weydt P, Steinacker P, Anderl‑Straub S, Nordin F, Volk AE, Diehl‑
Schmid J, Andersen PM, Kornhuber J, Danek A, et al. Different neuroin‑
flammatory profile in amyotrophic lateral sclerosis and frontotemporal 
dementia is linked to the clinical phase. J Neurol Neurosurg Psychiatry. 
2019;90(1):4–10.

 20. Oeckl P, Halbgebauer S, Anderl‑Straub S, Steinacker P, Huss AM, Neu‑
gebauer H, Von Arnim CaF, Diehl‑Schmid J, Grimmer T, Kornhuber J, 
et al. Glial Fibrillary Acidic Protein in Serum is Increased in Alzheimer’s 
Disease and Correlates with Cognitive Impairment. J Alzheimers Dis. 
2019;67(2):481–8.

 21. Sanchez E, Wilkinson T, Coughlan G, Mirza S, Baril AA, Ramirez J, Binns 
MA, Black SE, Borrie M, Dilliott AA, et al. Association of plasma biomarkers 
with cognition, cognitive decline, and daily function across and within 
neurodegenerative diseases: Results from the Ontario Neurodegenera‑
tive Disease Research Initiative. Alzheimers Dement. 2024;20(3):1753–70.

 22. Chouliaras L, Thomas A, Malpetti M, Donaghy P, Kane J, Mak E, Savulich G, 
Prats‑Sedano MA, Heslegrave AJ, Zetterberg H, et al. Differential levels of 
plasma biomarkers of neurodegeneration in Lewy body dementia, Alz‑
heimer’s disease, frontotemporal dementia and progressive supranuclear 
palsy. J Neurol Neurosurg Psychiatry. 2022;93(6):651–8.

 23. Heller C, Foiani MS, Moore K, Convery R, Bocchetta M, Neason M, Cash 
DM, Thomas D, Greaves CV, Woollacott IO, et al. Plasma glial fibrillary 
acidic protein is raised in progranulin‑associated frontotemporal demen‑
tia. J Neurol Neurosurg Psychiatry. 2020;91(3):263–70.

 24. Boeve B, Bove J, Brannelly P, Brushaber D, Coppola G, Dever R, Dheel C, 
Dickerson B, Dickinson S, Faber K, et al. The longitudinal evaluation of 
familial frontotemporal dementia subjects protocol: Framework and 
methodology. Alzheimers Dement. 2020;16(1):22–36.

 25. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus 
J, Van Swieten JC, Seelaar H, Dopper EG, Onyike CU, et al. Sensitivity of 
revised diagnostic criteria for the behavioural variant of frontotemporal 
dementia. Brain. 2011;134(Pt 9):2456–77.

 26. Gorno‑Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa 
SF, Ogar JM, Rohrer JD, Black S, Boeve BF, et al. Classification of primary 
progressive aphasia and its variants. Neurology. 2011;76(11):1006–14.

 27. Ramos EM, Dokuru DR, Van Berlo V, Wojta K, Wang Q, Huang AY, Devera‑
setty S, Qin Y, Van Blitterswijk M, Jackson J, et al. Genetic screening of 
a large series of North American sporadic and familial frontotemporal 
dementia cases. Alzheimers Dement. 2020;16(1):118–30.



Page 22 of 23Sheth et al. Molecular Neurodegeneration           (2025) 20:30 

 28. Vandebergh M, Ramos EM, Corriveau‑Lecavalier N, Ramanan VK, Kornak 
J, Mester C, Kolander T, Brushaber DE, Staffaroni AM, Geschwind DH, et al. 
Gene‑specific effects on brain volume and cognition of tmem106b in 
frontotemporal lobar degeneration. Neurology. 2024;103(8):e209832.

 29. Miyagawa T, Brushaber D, Syrjanen J, Kremers W, Fields J, Forsberg LK, 
Heuer HW, Knopman D, Kornak J, Boxer A, et al. Utility of the global 
CDR((R)) plus NACC FTLD rating and development of scoring rules: 
Data from the ARTFL/LEFFTDS Consortium. Alzheimers Dement. 
2020;16(1):106–17.

 30. Coleman KK, Coleman BL, Mackinley JD, Pasternak SH, Finger EC. Detec‑
tion and differentiation of frontotemporal dementia and related disorders 
from alzheimer disease using the montreal cognitive assessment. Alzhei‑
mer Dis Assoc Disord. 2016;30(3):258–63.

 31. Weintraub S, Mesulam MM, Wieneke C, Rademaker A, Rogalski EJ, Thomp‑
son CK. The northwestern anagram test: measuring sentence produc‑
tion in primary progressive aphasia. Am J Alzheimers Dis Other Demen. 
2009;24(5):408–16.

 32. Gollan TH, Weissberger GH, Runnqvist E, Montoya RI, Cera CM. Self‑ratings 
of Spoken Language Dominance: A Multi‑Lingual Naming Test (MINT) 
and Preliminary Norms for Young and Aging Spanish‑English Bilinguals. 
Biling (Camb Engl). 2012;15(3):594–615.

 33. Llinas‑Regla J, Vilalta‑Franch J, Lopez‑Pousa S, Calvo‑Perxas L, Tor‑
rents Rodas D, Garre‑Olmo J. The trail making test. Assessment. 
2017;24(2):183–96.

 34. Iman RL. The use of the rank transform in regression. Technometrics. 
1979;21(4):499–509.

 35. Seelaar H, Rohrer JD, Pijnenburg YA, Fox NC, Van Swieten JC. Clinical, 
genetic and pathological heterogeneity of frontotemporal dementia: a 
review. J Neurol Neurosurg Psychiatry. 2011;82(5):476–86.

 36. Liang K, Seger S. A comparison of two bias‑corrected covariance estima‑
tors for generalized estimating equations. Biometrika. 1986(73).

 37. Therneau T, Grambsch P. Modeling Survival Data: Extending the Cox 
Model: Springer; 2000.

 38. Barker MS, Gottesman RT, Manoochehri M, Chapman S, Appleby BS, 
Brushaber D, Devick KL, Dickerson BC, Domoto‑Reilly K, Fields JA, et al. 
Proposed research criteria for prodromal behavioural variant frontotem‑
poral dementia. Brain. 2022;145(3):1079–97.

 39. Van Der Ende EL, Meeter LH, Poos JM, Panman JL, Jiskoot LC, Dopper EGP, 
Papma JM, De Jong FJ, Verberk IMW, Teunissen C, et al. Serum neurofila‑
ment light chain in genetic frontotemporal dementia: a longitudinal, 
multicentre cohort study. Lancet Neurol. 2019;18(12):1103–11.

 40. Rojas JC, Wang P, Staffaroni AM, Heller C, Cobigo Y, Wolf A, Goh SM, 
Ljubenkov PA, Heuer HW, Fong JC, et al. Plasma neurofilament light for 
prediction of disease progression in familial frontotemporal lobar degen‑
eration. Neurology. 2021;96(18):e2296–312.

 41. Wilke C, Reich S, Van Swieten JC, Borroni B, Sanchez‑Valle R, Moreno F, 
Laforce R, Graff C, Galimberti D, Rowe JB, et al. Stratifying the Presymp‑
tomatic Phase of Genetic Frontotemporal Dementia by Serum NfL and 
pNfH: A Longitudinal Multicentre Study. Ann Neurol. 2021.

 42. Cousins KaQ, Shaw LM, Chen‑Plotkin A, Wolk DA, Van Deerlin VM, Lee EB, 
Mcmillan CT, Grossman M, Irwin DJ. Distinguishing Frontotemporal Lobar 
Degeneration Tau From TDP‑43 Using Plasma Biomarkers. JAMA Neurol. 
2022;79(11):1155–64.

 43. Wilke C, Preische O, Deuschle C, Roeben B, Apel A, Barro C, Maia L, Maet‑
zler W, Kuhle J, Synofzik M. Neurofilament light chain in FTD is elevated 
not only in cerebrospinal fluid, but also in serum. J Neurol Neurosurg 
Psychiatry. 2016;87(11):1270–2.

 44. Hansson O, Janelidze S, Hall S, Magdalinou N, Lees AJ, Andreasson U, 
Norgren N, Linder J, Forsgren L, Constantinescu R, et al. Blood‑based NfL: 
A biomarker for differential diagnosis of parkinsonian disorder. Neurology. 
2017;88(10):930–7.

 45. Rojas JC, Karydas A, Bang J, Tsai RM, Blennow K, Liman V, Kramer JH, 
Rosen H, Miller BL, Zetterberg H, et al. Plasma neurofilament light chain 
predicts progression in progressive supranuclear palsy. Ann Clin Transl 
Neurol. 2016;3(3):216–25.

 46. Donker Kaat L, Meeter LH, Chiu WZ, Melhem S, Boon AJW, Blennow K, 
Zetterberg H, Van Swieten JC. Serum neurofilament light chain in pro‑
gressive supranuclear palsy. Parkinsonism Relat Disord. 2018;56:98–101.

 47. Steinacker P, Anderl‑Straub S, Diehl‑Schmid J, Semler E, Uttner I, Von 
Arnim CaF, Barthel H, Danek A, Fassbender K, Fliessbach K, et al. Serum 

neurofilament light chain in behavioral variant frontotemporal dementia. 
Neurology. 2018;91(15):e1390‑e401.

 48. Steinacker P, Semler E, Anderl‑Straub S, Diehl‑Schmid J, Schroeter ML, 
Uttner I, Foerstl H, Landwehrmeyer B, Von Arnim CA, Kassubek J, et al. 
Neurofilament as a blood marker for diagnosis and monitoring of primary 
progressive aphasias. Neurology. 2017;88(10):961–9.

 49. Matias‑Guiu JA, Gomez‑Pinedo U, Forero L, Pytel V, Cano F, Moreno‑
Ramos T, Cabrera‑Martin MN, Matias‑Guiu J, Gonzalez‑Rosa JJ. Plasma 
neurofilament light chain in primary progressive aphasia and related 
disorders: clinical significance and metabolic correlates. J Alzheimers Dis. 
2019;72(3):773–82.

 50. Gendron TF, Badi MK, Heckman MG, Jansen‑West KR, Vilanilam GK, 
Johnson PW, Burch AR, Walton RL, Ross OA, Brott TG, et al. Plasma neuro‑
filament light predicts mortality in patients with stroke. Sci Transl Med. 
2020;12(569).

 51. Vollmuth C, Fiessler C, Montellano FA, Kollikowski AM, Essig F, Oeckl P, 
Barba L, Steinacker P, Schulz C, Ungethum K, et al. Incremental value 
of serum neurofilament light chain and glial fibrillary acidic protein as 
blood‑based biomarkers for predicting functional outcome in severe 
acute ischemic stroke. Eur Stroke J. 2024:23969873241234436.

 52. Saracino D, Dorgham K, Camuzat A, Rinaldi D, Rametti‑Lacroux A, Houot M, 
Clot F, Martin‑Hardy P, Jornea L, Azuar C, et al. Plasma NfL levels and longi‑
tudinal change rates in C9orf72 and GRN‑associated diseases: from tailored 
references to clinical applications. J Neurol Neurosurg Psychiatry. 2021.

 53. Rohrer JD, Woollacott IO, Dick KM, Brotherhood E, Gordon E, Fellows A, 
Toombs J, Druyeh R, Cardoso MJ, Ourselin S, et al. Serum neurofilament 
light chain protein is a measure of disease intensity in frontotemporal 
dementia. Neurology. 2016;87(13):1329–36.

 54. Cajanus A, Katisko K, Kontkanen A, Jaaskelainen O, Hartikainen P, 
Haapasalo A, Herukka SK, Vanninen R, Solje E, Hall A, et al. Serum neuro‑
filament light chain in FTLD: association with C9orf72, clinical phenotype, 
and prognosis. Ann Clin Transl Neurol. 2020;7(6):903–10.

 55. Benussi A, Karikari TK, Ashton N, Gazzina S, Premi E, Benussi L, Ghidoni R, 
Rodriguez JL, Emersic A, Simren J, et al. Diagnostic and prognostic value 
of serum NfL and p‑Tau(181) in frontotemporal lobar degeneration. J 
Neurol Neurosurg Psychiatry. 2020;91(9):960–7.

 56. Seddighi S, Qi YA, Brown AL, Wilkins OG, Bereda C, Belair C, Zhang 
YJ, Prudencio M, Keuss MJ, Khandeshi A, et al. Mis‑spliced transcripts 
generate de novo proteins in TDP‑43‑related ALS/FTD. Sci Transl Med. 
2024;16(734):eadg7162.

 57. Irwin KE, Jasin P, Braunstein KE, Sinha IR, Garret MA, Bowden KD, Chang 
K, Troncoso JC, Moghekar A, Oh ES, et al. A fluid biomarker reveals loss 
of TDP‑43 splicing repression in presymptomatic ALS‑FTD. Nat Med. 
2024;30(2):382–93.

 58. Calliari A, Daughrity LM, Albagli EA, Castellanos Otero P, Yue M, Jansen‑
West K, Islam NN, Caulfield T, Rawlinson B, Deture M, et al. HDGFL2 cryptic 
proteins report presence of TDP‑43 pathology in neurodegenerative 
diseases. Mol Neurodegener. 2024;19(1):29.

 59. Chatterjee M, Ozdemir S, Fritz C, Mobius W, Kleineidam L, Mandelkow E, 
Biernat J, Dogdu C, Peters O, Cosma NC, et al. Plasma extracellular vesicle 
tau and TDP‑43 as diagnostic biomarkers in FTD and ALS. Nat Med. 
2024;30(6):1771–83.

 60. Scialo C, Tran TH, Salzano G, Novi G, Caponnetto C, Chio A, Calvo A, 
Canosa A, Moda F, Caroppo P, et al. TDP‑43 real‑time quaking induced 
conversion reaction optimization and detection of seeding activity in CSF 
of amyotrophic lateral sclerosis and frontotemporal dementia patients. 
Brain Commun. 2020;2(2):fcaa142.

 61. Saijo E, Metrick MA 2nd, Koga S, Parchi P, Litvan I, Spina S, Boxer A, Rojas 
JC, Galasko D, Kraus A, et al. 4‑Repeat tau seeds and templating subtypes 
as brain and CSF biomarkers of frontotemporal lobar degeneration. Acta 
Neuropathol. 2020;139(1):63–77.

 62. Transposon Therapeutics Receives Fast Track Designation for PSP Treat‑
ment 2024. Available from: https:// www. theaf td. org/ posts/ 1ftd‑ in‑ the‑ 
news/b‑ trans poson‑ thera peuti cs‑ psp‑2/.

 63. Van Den Berg LH, Rothstein JD, Shaw PJ, Babu S, Benatar M, Bucelli RC, 
Genge A, Glass JD, Hardiman O, Libri V, et al. Safety, tolerability, and 
pharmacokinetics of antisense oligonucleotide BIIB078 in adults with 
C9orf72‑associated amyotrophic lateral sclerosis: a phase 1, randomised, 
double blinded, placebo‑controlled, multiple ascending dose study. 
Lancet Neurol. 2024;23(9):901–12.

https://www.theaftd.org/posts/1ftd-in-the-news/b-transposon-therapeutics-psp-2/
https://www.theaftd.org/posts/1ftd-in-the-news/b-transposon-therapeutics-psp-2/


Page 23 of 23Sheth et al. Molecular Neurodegeneration           (2025) 20:30  

 64. Wave Life Sciences Discontinues C9orf72‑ALS and Frontotemporal 
Dementia Agent WVE‑004 After Disappointing Phase 1b/2a Findings 
2023 [Available from: https:// www. neuro logyl ive. com/ view/ wave‑ life‑ 
scien ces‑ disco ntinu es‑ c9orf 72‑ als‑ front otemp oral‑ demen tia‑ agent‑ wve‑ 
004‑ after‑ disap point ing‑ phase‑ 1b‑ 2a‑ findi ngs.

 65. Zetterberg H, Teunissen C, Van Swieten J, Kuhle J, Boxer A, Rohrer JD, Mitic 
L, Nicholson AM, Pearlman R, Mccaughey SM, et al. The role of neurofila‑
ment light in genetic frontotemporal lobar degeneration. Brain Commun. 
2023;5(1):fcac310.

 66. Benatar M, Macklin EA, Malaspina A, Rogers ML, Hornstein E, Lombardi V, 
Renfrey D, Shepheard S, Magen I, Cohen Y, et al. Prognostic clinical and 
biological markers for amyotrophic lateral sclerosis disease progression: 
validation and implications for clinical trial design and analysis. EBioMedi‑
cine. 2024;108:105323.

 67. Sondergaard HB, Olsson A, Gustavsen S, Ammitzboll C, Thorner LW, 
Sorensen E, Nielsen MK, Britze J, Modvig S, Jensen PEH, et al. Neuro‑
filament light in serum: Reference values and effect of risk factors for 
multiple sclerosis. Mult Scler Relat Disord. 2024;92:106166.

 68. Manouchehrinia A, Piehl F, Hillert J, Kuhle J, Alfredsson L, Olsson T, 
Kockum I. Confounding effect of blood volume and body mass index 
on blood neurofilament light chain levels. Ann Clin Transl Neurol. 
2020;7(1):139–43.

 69. Fitzgerald KC, Sotirchos ES, Smith MD, Lord HN, Duval A, Mowry EM, Cala‑
bresi PA. Contributors to Serum NfL Levels in People without Neurologic 
Disease. Ann Neurol. 2022;92(4):688–98.

 70. Pichet Binette A, Janelidze S, Cullen N, Dage JL, Bateman RJ, Zetterberg 
H, Blennow K, Stomrud E, Mattsson‑Carlgren N, Hansson O. Confounding 
factors of Alzheimer’s disease plasma biomarkers and their impact on 
clinical performance. Alzheimers Dement. 2023;19(4):1403–14.

 71. Syrjanen JA, Campbell MR, Algeciras‑Schimnich A, Vemuri P, Graff‑Radford 
J, Machulda MM, Bu G, Knopman DS, Jack CR Jr, Petersen RC, et al. 
Associations of amyloid and neurodegeneration plasma biomarkers with 
comorbidities. Alzheimers Dement. 2022;18(6):1128–40.

 72. Witzel S, Huss A, Nagel G, Rosenbohm A, Rothenbacher D, Peter RS, 
Bazner H, Bortlein A, Dempewolf S, Schabet M, et al. Population‑Based 
Evidence for the Use of Serum Neurofilaments as Individual Diagnostic 
and Prognostic Biomarkers in Amyotrophic Lateral Sclerosis. Ann Neurol. 
2024;96(6):1040–57.

 73. Gentile JE, Heiss C, Corridon TL, Mortberg MA, Fruhwurth S, Guzman K, 
Grotschel L, Chan K, Herring NC, Janicki T, et al. Evidence that minocycline 
treatment confounds the interpretation of neurofilament as a biomarker. 
medRxiv. 2024.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.neurologylive.com/view/wave-life-sciences-discontinues-c9orf72-als-frontotemporal-dementia-agent-wve-004-after-disappointing-phase-1b-2a-findings
https://www.neurologylive.com/view/wave-life-sciences-discontinues-c9orf72-als-frontotemporal-dementia-agent-wve-004-after-disappointing-phase-1b-2a-findings
https://www.neurologylive.com/view/wave-life-sciences-discontinues-c9orf72-als-frontotemporal-dementia-agent-wve-004-after-disappointing-phase-1b-2a-findings

	Comprehensive cross-sectional and longitudinal comparisons of plasma glial fibrillary acidic protein and neurofilament light across FTD spectrum disorders
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study participants
	Genetic testing
	Participant relatedness
	Clinical procedures
	Montreal Cognitive Assessment (MoCA)
	Northwestern Anagram Test (NAT)
	The Multilingual Naming Test (MINT)
	Verbal semanticcategory test
	Verbal fluency phonemic test
	Digit span backward
	Trail Making Test Part B (Trails B)
	Plasma GFAP and NfL concentration determination

	Statistical analysis
	General information
	Correlations of baseline plasma GFAP and NfL
	Associations of plasma biomarkers with age, sex, symptom duration, and BMI
	Comparisons of baseline biomarker concentrations among phenotype groups
	Determination of the discriminatory power of baseline biomarkers
	Determination of rates of change in biomarker concentrations and in disease severity indicators
	Comparisons of rates of change in GFAP and NfL concentrations among phenotype groups
	Associations of baseline biomarkers with indicators of disease severity
	Associations of baseline biomarkers with survival after symptom onset
	Associations of baseline GFAP, NfL and GFAPNfL according to mutation status in the combined group of participants with FTD syndromes
	Associations of baseline GFAP and NfL with underlying pathology
	Sensitivity analyses


	Results
	Participant characteristics
	Plasma GFAP is elevated in FTD syndromes
	GFAP poorly discriminates controls from participants with mild behavioral andor cognitive impairment
	GFAP demonstrates less utility as a susceptibilityrisk biomarker compared to NfL
	GFAP and NfL trajectories across prodromal and symptomatic phases
	Plasma GFAP and NfL associate with disease severity indicators
	Baseline plasma GFAP and NfL predict survival after symptom onset
	Associations of GFAP, NfL and the GFAPNfL ratio with underlying FTLD pathology
	Sensitivity analyses

	Discussion
	Conclusions
	Acknowledgements
	References


