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Abstract
Objective  The ‘Frontotemporal dementia–Amyotrophic lateral sclerosis Spectrum’ (FAS) encompasses different phenotypes, 
including cognitive disorders (frontotemporal dementia, FTD) and/or motor impairments (amyotrophic lateral sclerosis, 
ALS). The aim of this study was to apprehend the specific uses of neurofilaments light chain (NfL) and phosphorylated 
neurofilaments heavy chain (pNfH) in a context of FAS.
Methods  First, NfL and pNfH were measured in 39 paired cerebrospinal fluid (CSF) and plasma samples of FAS and primary 
psychiatric disorders (PPD) patients, considered as controls. Secondly, additional plasma samples were included to examine 
a larger cohort of 81 samples composed of symptomatic FAS and PPD patients, presymptomatic and non-carrier relatives 
individuals. The measures were performed using Simoa technology.
Results  There was a positive correlation between CSF and plasma values for NfL (p < 0.0001) and for pNfH (p = 0.0036). 
NfL values were higher for all phenotypes of symptomatic FAS patients compared to PPD patients (p = 0.0016 in CSF; 
p = 0.0003 in plasma). On the contrary, pNfH values were solely increased in FAS patients exhibiting motor impairment. 
Unlike symptomatic FAS patients, presymptomatic cases had comparable concentrations with non-carrier individuals.
Conclusion  NfL, but not pNfH, appeared to be useful in a context of differential diagnosis between FTD and psychiatric 
patients. Nevertheless, pNfH seem more specific for the diagnosis and follow-up of motor impairments. In each specific 
indication, measures in CSF and plasma will provide identical interpretations.
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Introduction

Frontotemporal lobar degeneration (FTLD) is an umbrella 
term encompassing various neurodegenerative diseases 
involving frontal and/or temporal lobes of the brain. The 
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most common phenotype of FTLD, called behavioral vari-
ant of frontotemporal dementia (FTD) is characterized by 
progressive behavioral changes and executive dysfunctions 
[1]. A subset of patients additionally shows concomitant 
motor symptoms due to amyotrophic lateral sclerosis (ALS) 
that co-occurs, affecting motor neurons in the motor cortex 
and/or spinal cord [2]. Besides, since ALS and FTD share 
pathomechanisms, including common protein aggregates 
(e.g., TDP-43 and FUS) and genetic pathogenic mutations 
(e.g., C9ORF72, TARDBP, and FUS), these diseases can be 
considered as a continuum. In that respect, the ‘FTD–ALS 
spectrum’ (FAS) groups phenotypes of FTD and/or ALS 
[3]. The detection of known genetic pathogenic variants 
permits to classify FTD patients in the group of individu-
als with definite FTLD pathology [4]. Concerning ALS, 
when a family history of pathogenic mutation is observed, 
the diagnosis may be upgraded to clinically definite familial 
ALS [5]. Genetic analysis also provides a means of defining 
asymptomatic FAS relatives carrying pathogenic mutations 
as presymptomatic FAS (pre-FAS) and consequently offers 
a window to study the earliest FAS phases [6, 7]. Though, 
only approximately 30% of FTD patients have an autoso-
mal dominant pattern of inheritance and 90–95% of ALS 
cases occur in people with no prior family history [8, 9]. 
Combined with a lack of specificity of clinical symptoms, 
it results in a challenging ante mortem diagnosis of FAS. 
Indeed, studies report that FTD is half of the time misdiag-
nosed as a primary psychiatric disorder (PPD) [10]. Con-
versely, PPD can be confused with FAS [11]. Moreover, 
about 10% of ALS ultimately turn out to be other diseases 
like multifocal motor neuropathy [12].

In this context, complementary markers to genetics are 
dramatically needed to facilitate the diagnosis and monitor 
the progression of FAS diseases. Among several promising 
candidates, neurofilaments seem particularly interesting. 
These intermediate filaments are selectively expressed by 
neurons and are localized in axons, where they may undergo 
post-translational modifications, including phosphorylation 
that is important for the interaction with each other and 
with other cytoskeletal proteins [13]. Neurofilaments are an 
essential component of neuronal cytoarchitecture in addition 
to participating in vital cellular functions like axonal trans-
port or myelination [14]. Neuroaxonal damages result in the 
release of neurofilaments into cerebrospinal fluid (CSF) and 
then into blood, where they can be measured [15].

Within this family of proteins, neurofilaments light 
chain (NfL) and phosphorylated neurofilaments heavy 
chain (pNfH) are the two most studied markers in FAS. 
According to the literature, NfL are consistently elevated 
in CSF and blood of FAS patients relative to controls [16, 
17]. Results are more ambiguous for pNfH, especially when 
individuals do not present motor impairment [18, 19]. It also 
appears that NfL and pNfH could increase just before the 

phenoconversion of pre-FAS both in CSF and blood [20, 
21].

Despite numerous publications available, further research 
is required to clarify practical indications for NfL and pNfH. 
Therefore, comparing both NfL and pNfH in CSF and blood 
in a single study, this work aimed at suggesting specific uses 
of these promising biomarkers in a context of FTD–ALS 
spectrum.

Materials and methods

Study participants

This retrospective study included symptomatic patients and 
asymptomatic cases. Symptomatic patients with cognitive 
disorders in the foreground were diagnosed with FTD or 
PPD at the Center for Memory Resources and Research 
of Lyon. They were assessed using a neurological clini-
cal examination and a neuropsychological testing battery. 
Patients also underwent medical imaging and biological 
analyses. Thus, lumbar puncture and/or blood collection 
were performed as part of the diagnosis. Consensus diagno-
ses were made in multidisciplinary consultations according 
to the current international diagnostic criteria [4, 22, 23]. 
Patients with motor symptoms were diagnosed at the Refer-
ence Center of ALS of the Hospital of Lyon, where they 
were provided with clinical examination, medical imaging 
and biological tests, according to the revised El Escorial 
criteria [5].

Asymptomatic relatives to mutation carriers followed a 
multi-step protocol for genetic counseling, based on inter-
national recommendations established for the predictive 
genetic test for Huntington’s disease [24]. Finally, some were 
themselves carriers of a pathogenic mutation (pre-FAS) and 
others were not carriers (nc-FASR).

All subjects included in this study gave a written consent 
to save and use their biological fluids samples for research 
purposes. This study followed the Helsinki Declaration act 
of 1975 and was approved by the Lyon University Hospital 
ethics committee (No 19-42).

Samples collection and neurofilaments’ analysis

Blood samples were collected in tubes with EDTA, rapidly 
centrifuged at 2000g for 15 min. CSF samples were obtained 
by lumbar puncture via standard procedures, collected in 
low binding polypropylene tubes (Sarstedt, Nümbrecht, Ger-
many) and rapidly centrifuged at 2000g for 10 min. After 
centrifugation, CSF and plasma samples were divided into 
aliquots and stored until analyses in deep freeze (− 80 °C) 
in a biobank with authorization from the French Ministry of 
Health (Declaration number DC-2008-304).



Plasma and CSF values of NfL and pNfH were deter-
mined using the Simoa HD-1 analyzer (Quanterix, Lex-
ington, USA) in a same batch, according to the manufac-
turer’s protocols. The Simoa Neurology 4-plex and the 
PNF-HEAVY kits were used to measure NfL and pNfH, 
respectively.

Study design

The study was structured in two steps. In a first step, only 
patients with paired plasma/CSF samples were included, 
to evaluate the correlation between the two biological 
fluids. Thus, NfL and pNfH values were measured in 39 
symptomatic patients as follow: 29 FAS (12 familial FTD, 
14 sporadic FTD, 1 ALS and 2 FTD–ALS) and 10 PPD 
patients (5 depressions and 5 bipolar disorders) considered 

as controls (Table 1). The selection of 12 familial FTD 
patients included 9 C9ORF72 expansions, 2 GRN variants 
and 1 MAPT variant.

In a second step, blood samples from patients who did 
not have lumbar puncture were added to the first cohort, 
to evaluate the diagnostic performances of both markers 
in plasma. In total, 42 additional plasma samples were 
added, leading to a second set of 81 samples as follow: 
52 FAS (26 familial FTD, 16 sporadic FTD, 7 ALS and 3 
FTD–ALS), 8 pre-FAS, 9 nc-FASR and 12 PPD patients 
(6 depressions, 5 bipolar disorders and 1 schizophrenia) 
(Table 2). Among the 26 familial FTD patients, there were 
18 C9ORF72 expansions, 6 GRN variants, 1 MAPT variant 
and 1 TARDBP variant. The selection of pre-FAS individu-
als included 6 C9ORF72 expansions and 2 GRN variants.

Table 1   Demographic 
characteristics of the paired 
CSF/plasma samples cohort, 
NfL and pNfH concentrations in 
CSF and plasma

Concentrations are presented as median and interquartile range
ALS amyotrophic lateral sclerosis; CSF cerebrospinal fluid; FTD frontotemporal dementia; NfL neurofila-
ments light chain; pNfH phosphorylated neurofilaments heavy chain; PPD primary psychiatric disorders
a Data obtained with one fewer patient

FTD–ALS spectrum (n = 29) PPD (n = 10) p value

Gender (male/female) 11/18 5/5 p = 0.7311
Median age (years) 66.0 66.5 p = 0.5208
CSF NfL (pg/mL) 2990.0 (1101.0–4360.0) 756.0 (606.0–1000.0) p = 0.0016
Plasma NfL (pg/mL) 46.0 (21.5–86.2) 14.1 (11.8–16.0) p = 0.0003
CSF pNfH (pg/mL) 246.5 (200.5–463.3) 270.0a (227.8–360.0) p = 0.8908
Plasma pNfH (pg/mL) 56.0a (20.1–104.5) 40.4 a (18.8–81.6) p = 0.8595

Table 2   Demographic characteristics of the complete cohort of patients, NfL and pNfH concentrations in plasma

Concentrations are presented as median and interquartile range
a Data obtained with three fewer patients
b Data obtained with one fewer patient
ALS amyotrophic lateral sclerosis; FTD–ALS FTD coupled to ALS; CSF cerebrospinal fluid; FTD frontotemporal dementia; nc-FASR non-car-
rier FTD–ALS spectrum relatives; NfL neurofilaments light chain; pNfH phosphorylated neurofilaments heavy chain; pre-FAS presymptomatic 
FTD–ALS spectrum; PPD primary psychiatric disorders

FTD–ALS spectrum (n = 52) Pre-FAS (n = 8) nc-FASR (n = 9) PPD (n = 12) p value

ALS (n = 7) FTD–ALS 
(n = 3)

FTD (n = 42)

Gender (male/
female)

1/6 1/2 19/23 3/5 4/5 6/6 0.7178

Median age 
(years)

59 72 62 40.5 52 66 0.0042

Median symptom 
duration at 
sampling 
(years)

0.5 (0.5–2.6) 1 (n/a) 3 (2–3.8) – – 4 (2–8.5) 0.0052

Plasma NfL (pg/
mL)

84.4 (75.7–
168.8)

108 (94.2–176.4) 46.8 (22.3–80) 10.1 (7.4–12.4) 9 (6.3–12.3) 13.6 (11.7–15.7)  < 0.000001

Plasma pNfH 
(pg/mL)

579 (188–790.8) 82.2 (29.6–
101.6)

30.5a (11.6–87.4) 9.8b (1.9–58.9) 5.5b (2.4–39.6) 31.9b ( 7.2–74.1) 0.0011



Statistical analysis

Statistical analysis was performed using Medcalc software 
(v 15.11.4). Gender repartition was studied using the Chi-
square test. Correlations between CSF and plasma values 
of NfL and pNfH were studied calculating the Spearman’s 
correlation coefficient.

The non-parametric Mann–Whitney test was applied to 
test differences between two groups, while the Kruskal–Wal-
lis test was applied for multiple group comparisons. ROC 
analyses were performed to establish the diagnostic perfor-
mances of each marker. The optimal cutoff values of NfL in 
CSF and plasma in terms of sensitivity and specificity were 
determined by the Youden index.

Results

In the first step, analyzing the paired CSF/plasma samples, 
patients showed no significant difference regarding gender 
and age at biological fluids collection time (Table 1). NfL 
and pNfH values were found in higher concentrations in CSF 
than in plasma. There was a positive correlation between 
CSF and plasma values for the two analytes. Though, the 
correlation was stronger for NfL (Rho = 0.880; p < 0.0001) 
than for pNfH (Rho = 0.467; p = 0.0036) (Fig. 1). For both 
markers, correlations were stronger in patients exhibiting 
high NfL or pNfH values (mostly FAS patients) and were 
maintained when excluding outliers (data not shown).

NfL values were significantly higher in the 29 FAS 
patients compared with the 10 PPD patients in CSF 
(p = 0.0016) and in plasma (p = 0.0003) (Table 1). This 
increase was found regardless of the phenotype and the 
genetic status of the FAS patients in both matrices. To dis-
criminate FAS from PPD patients, the optimal cutoff values 

determined by the Youden index, were 1000 pg/mL in CSF 
(sensitivity = 79%; specificity = 80%) and 16  pg/mL in 
plasma (sensitivity = 86%; specificity = 90%) (Supplemental 
Fig. 1). In this sample set, NfL were not statistically differ-
ent between sporadic and familial FTD patients, neither in 
CSF (p = 0.41) nor in plasma (p = 0.78). Conversely to NfL, 
pNfH values were not significantly different in the cohort 
of FAS patients compared with the PPD patients both in 
CSF (p = 0.8908) and plasma (p = 0.8595) (Table 1). How-
ever, pNfH values in CSF were higher in patients with motor 
impairment (ALS and FTD–ALS) in comparison to FTD 
patients (p = 0.0122). In plasma, this difference was not 
retrieved (p = 0.3160). In this sample set, pNfH values were 
not statistically different between sporadic and genetic FTD 
cases, neither in CSF (p = 0.57) nor in plasma (p = 0.41).

In the second step, analyzing the extended plasma sam-
ples cohort, subjects showed no significant difference 
regarding gender (Table 2). Symptomatic FAS and PPD 
patients did not show a significant difference regarding age 
at biological fluids collection time.

Neither did the asymptomatic pre-FAS nor nc-FASR 
cases, but both were significantly younger than the symp-
tomatic subjects (p = 0.0042). The 52 FAS patients had 
significantly higher plasma NfL values than the 12 PPD 
patients (p < 0.0001). As previously described in the first 
step, this increase was found regardless of the phenotype 
and the genetic status of the FAS patients. In addition, the 
optimal cutoff value of 16 pg/mL in plasma, determined by 
the Youden index, was retrieved, with a sensitivity of 92% 
and a specificity of 92% for this larger cohort (Supplemental 
Fig. 2). More in detail, the highest values were observed for 
FAS patients with motor impairment. FTD patients exhibited 
increased values compared to pre-FAS, nc-FASR and PPD 
patients. These last three groups did not show significant 
difference of NfL values (Fig. 2A). In FTD patients, NfL 

Fig. 1   Rank correlations between CSF and plasma concentrations for a NfL and b pNfH in the paired CSF/plasma samples’ cohort



plasma values were significantly higher for patients with 
GRN variants compared to patients with C9ORF72 and spo-
radic cases (Fig. 2B). Concerning pNfH, there was no sig-
nificant difference concerning plasma pNfH values of FAS 
and PPD patients (p = 0.2978). In the FAS group, only ALS 
patients had increased plasma pNfH values. Indeed, FTD 
patients exhibited identical values than pre-FAS, nc-FASR 
and PPD patients (Fig. 3). In this extended cohort, pNfH val-
ues in patients with motor impairment (ALS and FTD–ALS) 
were increased in comparison to FTD patients (p = 0.0019). 

Among FTD group, there was no difference of plasma pNfH 
values between patients with GRN and C9ORF72 mutations, 
or between familial and sporadic patients.

Discussion

In this retrospective study, NfL and pNfH were measured in 
CSF and/or plasma of FAS and PPD patients, pre-FAS and 
nc-FASR individuals with a highly sensitive single-molecule 
array technology.

NfL were increased for all FAS in CSF and plasma, 
regardless of their clinical manifestations, compared with 
PPD patients. This observed increase for all FAS phenotypes 
could be explained by the fact that NfL are non-specific 
markers of neuronal damages. Despite a relatively mod-
est cohort of psychiatric patients, our optimal plasma NfL 
cutoff value of 16 pg/mL determined by the Youden index 
was consistent with the literature [25]. Indeed, Al-Shweiki 
et al. found close plasma NfL cutoff values comparing a 
larger psychiatric cohort to FTD patients with the same 
SIMOA technology. This allow us to consider that NfL can 
be helpful to perform a differential diagnosis between FTD 
and PPD patients, responding to a need of neurologists and 
psychiatrists in current medical practice [10, 11]. Within 
FTD patients, those with GRN variants had higher plasma 
NfL values than others, which was again in agreement with 
the literature [26]. Combined with the fact that FTD patients 
with GRN mutation have also more white matter lesions and 

Fig. 2   Box–whisker plots for plasma NfL concentrations a in ALS, FTD–ALS, FTD, pre-FAS, nc-FASR and PPD and b among the FTD sub-
group. * p values < 0.05

Fig. 3   Box–whisker plots for plasma pNfH concentrations in ALS, 
FTD–ALS, FTD, pre-FAS, nc-FASR and PPD. * p values < 0.05



a faster rate of neurodegeneration, it suggests that different 
processes, dependent in part on genetics, are involved in the 
FTLD pathophysiology [27, 28].

No significant difference was observed for pNfH values in 
CSF and plasma between all FAS patients and PPD patients. 
In particular, FTD and PPD patients exhibited comparable 
pNfH values. Thus, contrary to NfL, pNfH could not dis-
criminate between FTD and PPD patients, in accordance 
with other studies [29, 30]. Nevertheless, increased pNfH 
values were found in CSF of FAS with motor impairment 
compared to FTD. In plasma, the first sample set showed 
no difference between these two groups, contrary to the 
extended sample set. This discrepancy is probably due to 
the small size of the cohort of ALS patients in our first sam-
ple set, which was specifically designed for paired CSF and 
plasma samples. The results observed in the larger sample 
set are in line with other studies [31, 32]. On another note, 
it was also reported in the literature that the dosage of pNfH 
presents a better sensitivity and specificity for ALS than the 
dosage of NfL, and that there are greater changes in pNfH 
values than in NfL values throughout the ALS course [33, 
34]. These observations combined with our results suggest 
that pNfH more than NfL might reliably support the diag-
nosis of ALS.

There was a strong correlation between CSF and plasma 
values for both NfL and pNfH markers. This finding sug-
gests that plasma and not only CSF values are the reflec-
tion of pathological changes in the brain for NfL and pNfH, 
even if only a small fraction of brain proteins that cross 
the blood–brain barrier is finally measured in blood [15]. 
Such a correlation has already been reported in FTD–ALS 
spectrum, but was less described for PPD patients [29, 35]. 
The correlation between pNfH values in plasma and CSF 
was not as strong as that of NfL. One reason could be the 
sequestration of pNfH in hetero-aggregates in blood, but all 
the mechanisms responsible for the release and the degrada-
tion of neurofilaments are not yet fully understood [36, 37]. 
The correlations were probably strengthened by the use of 
a same assay kit, containing identical capture and detec-
tion antibodies, to assess CSF and plasma samples. Indeed, 
single-molecule array technology, offering the possibility to 
measure a wide range of concentrations, is suitable for both 
CSF and plasma.

Consequently, CSF and plasma can be considered as 
interchangeable matrices, their use depending on specific 
clinical indications. On the one hand, in a context of cog-
nitive disorders, NfL could be measured in CSF if core 
Alzheimer’s disease biomarkers are negative, to support 
the differential diagnosis between FTD and PPD. On the 
other hand, when patients exhibit strong behavioral dis-
turbances rendering the lumbar puncture difficult to per-
form, measuring NfL from blood seems to be an interest-
ing alternative. Moreover, plasma samples fit well with 

longitudinal iterative studies of symptomatic patients, but 
also with the follow-up of presymptomatic individuals.

In our study, asymptomatic (pre-FAS and nc-FASR) indi-
viduals had lower NfL plasma values than FAS patients. 
Despite the higher median age of the latter, this difference 
in concentrations is only partly explained by the 2% per year 
increase in neurofilaments described in the general popula-
tion [38]. Indeed, this slight physiological progression is 
largely surpassed by the disease effect. Moreover, NfL and 
pNfH plasma values were comparable between pre-FAS 
individuals and nc-FASR, considered as negative controls. 
In the literature, studies describing the kinetics of neurofila-
ments in CSF and/or plasma for presymptomatic FTD and/
or ALS cases remain contradictory. Indeed, some authors 
reported no difference between presymptomatic carriers and 
controls for NfL in FTD [20] and for pNfH in ALS [39]. 
Nevertheless, Benatar et al. showed an increase of CSF and 
serum pNfH for converters compared to at-risk and control 
cases [21]. A possible reason for these different observations 
could be linked to the time of blood collection, in relation 
to the onset of symptomatology. At blood collection time, 
the neurological examination of the pre-FAS individuals 
included in our study did not show any clinical symptom. 
Pending more detailed international guidelines, it seems 
relevant to monitor disease onset in presymptomatic cases 
measuring both plasma NfL and pNfH [40].

To conclude, CSF and plasma appear to be interchange-
able matrices for NfL and pNfH measurements. The use 
of one and other biological fluid would depend on specific 
clinical indications. Concerning neurofilaments’ analysis, 
NfL appeared particularly useful for the differential diag-
nosis between FTD and behavioral impairment linked to 
psychiatric diseases. For their part, pNfH showed a weak 
sensitivity for cognitive symptoms but could be specifi-
cally used for the diagnosis and the follow-up of FAS 
patients with motor impairment. Thus, NfL and pNfH are 
non-commutable markers but both very promising for the 
diagnosis and the monitoring of the FTD–ALS spectrum.

Funding  This work was supported by the hospital Le Vinatier (Bron, 
FRANCE) under Grant CSRL09 (NFL-COG study).

Declarations 

Conflicts of interest  The authors report no conflict of interest. The au-
thors alone are responsible for the content and writing of this article.

https://doi.org/10.1007/s00415-021-10714-3


Ethics approval  This study followed the Helsinki Declaration act of 
1975, and was approved by the Lyon University Hospital ethics com-
mittee (No 19-42).

Consent to participate  All the individuals included in this study gave 
a written consent to participate.

Consent for publication  All the individuals included in this study 
signed informed consent regarding publishing their data.

References

	 1.	 Sivasathiaseelan H, Marshall CR, Agustus JL, Benhamou E, Bond 
RL, Rohrer JD et al (2019) Frontotemporal dementia: a clinical 
review. Semin Neurol 39:251–263. https://​doi.​org/​10.​1055/s-​
0039-​16833​79

	 2.	 Brown RH, Al-Chalabi A (2017) Amyotrophic lateral sclerosis. 
N Engl J Med 377:162–172. https://​doi.​org/​10.​1056/​NEJMr​a1603​
471

	 3.	 De Silva D, Hsieh S, Caga J, Leslie FVC, Kiernan MC, Hodges 
JR et al (2016) Motor function and behaviour across the ALS-
FTD spectrum. Acta Neurol Scand 133:367–372. https://​doi.​org/​
10.​1111/​ane.​12471

	 4.	 Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, 
Neuhaus J et al (2011) Sensitivity of revised diagnostic criteria 
for the behavioural variant of frontotemporal dementia. Brain 
134:2456–2477. https://​doi.​org/​10.​1093/​brain/​awr179

	 5.	 Brooks BR, Miller RG, Swash M, Munsat TL (2000) El Escorial 
revisited: revised criteria for the diagnosis of amyotrophic lateral 
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord 
1:293–299. https://​doi.​org/​10.​1080/​14660​82003​00079​536

	 6.	 Benatar M, Turner MR, Wuu J (2019) Defining pre-symptomatic 
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Front 
Degener 20:303–309. https://​doi.​org/​10.​1080/​21678​421.​2019.​
15876​34

	 7.	 Chen Q, Kantarci K (2020) Imaging biomarkers for neurodegen-
eration in presymptomatic familial frontotemporal lobar degenera-
tion. Front Neurol. https://​doi.​org/​10.​3389/​fneur.​2020.​00080

	 8.	 Heuer HW, Wang P, Rascovsky K, Wolf A, Appleby B, Bove J 
et al (2020) Comparison of sporadic and familial behavioral vari-
ant frontotemporal dementia (FTD) in a North American cohort. 
Alzheimer’s Dement 16:60–70. https://​doi.​org/​10.​1002/​alz.​12046

	 9.	 Mejzini R, Flynn LL, Pitout IL, Fletcher S, Wilton SD, Akkari A 
(2019) ALS genetics, mechanisms, and therapeutics: where are 
we now? Front Neurosci 13:1310. https://​doi.​org/​10.​3389/​fnins.​
2019.​01310

	10.	 Woolley JD, Khan BK, Murthy NK, Miller BL, Rankin KP (2011) 
The diagnostic challenge of psychiatric symptoms in neurode-
generative disease: rates of and risk factors for prior psychiatric 
diagnosis in patients with early neurodegenerative disease. J Clin 
Psychiatry 72:126–133. https://​doi.​org/​10.​4088/​JCP.​10m06​382oli

	11.	 Shinagawa S, Catindig JA, Block NR, Miller BL, Rankin KP 
(2016) When a little knowledge can be dangerous: false-positive 
diagnosis of behavioral variant frontotemporal dementia among 
community clinicians. Dement Geriatr Cogn Disord 41:99–108. 
https://​doi.​org/​10.​1159/​00043​8454

	12.	 Traynor BJ, Codd MB, Corr B, Forde C, Frost E, Hardiman O 
(2000) Amyotrophic lateral sclerosis mimic syndromes: a popu-
lation-based study. Arch Neurol 57:109–113. https://​doi.​org/​10.​
1001/​archn​eur.​57.1.​109

	13.	 Shea TB, Chan WK-H (2008) Regulation of neurofilament dynam-
ics by phosphorylation. Eur J Neurosci 27:1893–1901. https://​doi.​
org/​10.​1111/j.​1460-​9568.​2008.​06165.x

	14.	 Yuan A, Rao MV, Nixon RA (2017) Neurofilaments and neurofila-
ment proteins in health and disease. Cold Spring Harb Perspect 
Biol. https://​doi.​org/​10.​1101/​cshpe​rspect.​a0183​09

	15.	 Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer 
T et al (2018) Neurofilaments as biomarkers in neurological dis-
orders. Nat Rev Neurol 14:577–589. https://​doi.​org/​10.​1038/​
s41582-​018-​0058-z

	16.	 Rosengren LE, Karlsson JE, Karlsson JO, Persson LI, Wikkelsø 
C (1996) Patients with amyotrophic lateral sclerosis and other 
neurodegenerative diseases have increased levels of neurofilament 
protein in CSF. J Neurochem 67:2013–2018. https://​doi.​org/​10.​
1046/j.​1471-​4159.​1996.​67052​013.x

	17.	 Palermo G, Mazzucchi S, Della Vecchia A, Siciliano G, Bonuc-
celli U, Azuar C et al (2020) Different clinical contexts of use of 
blood neurofilament light chain protein in the spectrum of neuro-
degenerative diseases. Mol Neurobiol 57:4667–4691. https://​doi.​
org/​10.​1007/​s12035-​020-​02035-9

	18.	 Ganesalingam J, An J, Shaw CE, Shaw G, Lacomis D, Bowser R 
(2011) Combination of neurofilament heavy chain and comple-
ment C3 as CSF biomarkers for ALS. J Neurochem 117:528–537. 
https://​doi.​org/​10.​1111/j.​1471-​4159.​2011.​07224.x

	19.	 Gordon BA (2020) Neurofilaments in disease: what do we know? 
Curr Opin Neurobiol 61:105–115. https://​doi.​org/​10.​1016/j.​conb.​
2020.​02.​001

	20.	 Meeter LH, Dopper EG, Jiskoot LC, Sanchez-Valle R, Graff C, 
Benussi L et al (2016) Neurofilament light chain: a biomarker 
for genetic frontotemporal dementia. Ann Clin Transl Neurol 
3:623–636. https://​doi.​org/​10.​1002/​acn3.​325

	21.	 Benatar M, Wuu J, Lombardi V, Jeromin A, Bowser R, Andersen 
PM et al (2019) Neurofilaments in pre-symptomatic ALS and 
the impact of genotype. Amyotroph Lateral Scler Front Degener 
20:538–548. https://​doi.​org/​10.​1080/​21678​421.​2019.​16467​69

	22.	 Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P, 
Snowden J et al (2017) Amyotrophic lateral sclerosis-frontotem-
poral spectrum disorder (ALS-FTSD): revised diagnostic criteria. 
Amyotroph Lateral Scler Front Degener 18:153–174. https://​doi.​
org/​10.​1080/​21678​421.​2016.​12677​68

	23.	 American Psychiatric Association (2015) Diagnostic and statisti-
cal manual of mental disorders, 5th edn. https://​doi.​org/​10.​1176/​
appi.​books.​97808​90425​596

	24.	 MacLeod R, Tibben A, Frontali M, Evers-Kiebooms G, Jones A, 
Martinez-Descales A et al (2013) Recommendations for the pre-
dictive genetic test in Huntington’s disease. Clin Genet 83:221–
231. https://​doi.​org/​10.​1111/j.​1399-​0004.​2012.​01900.x

	25.	 Al Shweiki MR, Steinacker P, Oeckl P, Hengerer B, Danek A, 
Fassbender K et al (2019) Neurofilament light chain as a blood 
biomarker to differentiate psychiatric disorders from behavioural 
variant frontotemporal dementia. J Psychiatr Res 113:137–140. 
https://​doi.​org/​10.​1016/j.​jpsyc​hires.​2019.​03.​019

	26.	 Goossens J, Bjerke M, Van Mossevelde S, Van den Bossche T, 
Goeman J, De Vil B et al (2018) Diagnostic value of cerebrospinal 
fluid tau, neurofilament, and progranulin in definite frontotempo-
ral lobar degeneration. Alzheimer’s Res Therapy 10:31. https://​
doi.​org/​10.​1186/​s13195-​018-​0364-0

	27.	 Caroppo P, Le Ber I, Camuzat A, Clot F, Naccache L, Lamari F 
et al (2014) Extensive white matter involvement in patients with 
frontotemporal lobar degeneration: think progranulin. JAMA Neu-
rol 71:1562–1566. https://​doi.​org/​10.​1001/​jaman​eurol.​2014.​1316

	28.	 Whitwell JL, Boeve BF, Weigand SD, Senjem ML, Gunter JL, 
Baker MC et al (2015) Brain atrophy over time in genetic and 
sporadic frontotemporal dementia: a study of 198 serial magnetic 
resonance images. Eur J Neurol 22:745–752. https://​doi.​org/​10.​
1111/​ene.​12675

	29.	 Wilke C, Pujol-Calderón F, Barro C, Stransky E, Blennow K, 
Michalak Z et al (2019) Correlations between serum and CSF 
pNfH levels in ALS, FTD and controls: a comparison of three 

https://doi.org/10.1055/s-0039-1683379
https://doi.org/10.1055/s-0039-1683379
https://doi.org/10.1056/NEJMra1603471
https://doi.org/10.1056/NEJMra1603471
https://doi.org/10.1111/ane.12471
https://doi.org/10.1111/ane.12471
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1080/21678421.2019.1587634
https://doi.org/10.1080/21678421.2019.1587634
https://doi.org/10.3389/fneur.2020.00080
https://doi.org/10.1002/alz.12046
https://doi.org/10.3389/fnins.2019.01310
https://doi.org/10.3389/fnins.2019.01310
https://doi.org/10.4088/JCP.10m06382oli
https://doi.org/10.1159/000438454
https://doi.org/10.1001/archneur.57.1.109
https://doi.org/10.1001/archneur.57.1.109
https://doi.org/10.1111/j.1460-9568.2008.06165.x
https://doi.org/10.1111/j.1460-9568.2008.06165.x
https://doi.org/10.1101/cshperspect.a018309
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1046/j.1471-4159.1996.67052013.x
https://doi.org/10.1046/j.1471-4159.1996.67052013.x
https://doi.org/10.1007/s12035-020-02035-9
https://doi.org/10.1007/s12035-020-02035-9
https://doi.org/10.1111/j.1471-4159.2011.07224.x
https://doi.org/10.1016/j.conb.2020.02.001
https://doi.org/10.1016/j.conb.2020.02.001
https://doi.org/10.1002/acn3.325
https://doi.org/10.1080/21678421.2019.1646769
https://doi.org/10.1080/21678421.2016.1267768
https://doi.org/10.1080/21678421.2016.1267768
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1111/j.1399-0004.2012.01900.x
https://doi.org/10.1016/j.jpsychires.2019.03.019
https://doi.org/10.1186/s13195-018-0364-0
https://doi.org/10.1186/s13195-018-0364-0
https://doi.org/10.1001/jamaneurol.2014.1316
https://doi.org/10.1111/ene.12675
https://doi.org/10.1111/ene.12675


analytical approaches. Clin Chem Lab Med 57:1556–1564. https://​
doi.​org/​10.​1515/​cclm-​2019-​0015

	30.	 Pijnenburg YA, Janssen JC, Schoonenboom NS, Petzold A, 
Mulder C, Stigbrand T et al (2007) CSF neurofilaments in fronto-
temporal dementia compared with early onset Alzheimer’s disease 
and controls. Dement Geriatr Cogn Disord 23:225–230. https://​
doi.​org/​10.​1159/​00009​9473

	31.	 Gendron TF, Daughrity LM, Heckman MG, Diehl NN, Wuu J, 
Miller TM et al (2017) Phosphorylated neurofilament heavy chain: 
a biomarker of survival for C9ORF 72-associated amyotrophic 
lateral sclerosis. Ann Neurol 82:139–146. https://​doi.​org/​10.​1002/​
ana.​24980

	32.	 De Schaepdryver M, Jeromin A, Gille B, Claeys KG, Herbst V, 
Brix B et al (2018) Comparison of elevated phosphorylated neuro-
filament heavy chains in serum and cerebrospinal fluid of patients 
with amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 
89:367–373. https://​doi.​org/​10.​1136/​jnnp-​2017-​316605

	33.	 Li D, Shen D, Tai H, Cui L (2016) Neurofilaments in CSF as 
diagnostic biomarkers in motor neuron disease: a meta-analysis. 
Front Aging Neurosci 8:290. https://​doi.​org/​10.​3389/​fnagi.​2016.​
00290

	34.	 Poesen K, Van Damme P (2019) Diagnostic and prognostic per-
formance of neurofilaments in ALS. Front Neurol 9:1167. https://​
doi.​org/​10.​3389/​fneur.​2018.​01167

	35.	 Wilke C, Preische O, Deuschle C, Roeben B, Apel A, Barro C 
et al (2016) Neurofilament light chain in FTD is elevated not only 
in cerebrospinal fluid, but also in serum. J Neurol Neurosurg Psy-
chiatry 87:1270–1272. https://​doi.​org/​10.​1136/​jnnp-​2015-​312972

	36.	 Adiutori R, Aarum J, Zubiri I, Bremang M, Jung S, Sheer D et al 
(2018) The proteome of neurofilament-containing protein aggre-
gates in blood. Biochem Biophys Rep 14:168–177. https://​doi.​org/​
10.​1016/j.​bbrep.​2018.​04.​010

	37.	 Gafson AR, Durham HD, Julien JP, Kuhle J, Leppert D, Nixon 
RA et al (2020) Neurofilaments: neurobiological foundations for 
biomarker applications. Brain 143:1975–1998. https://​doi.​org/​10.​
1093/​brain/​awaa0​98

	38.	 Barro C, Benkert P, Disanto G, Tsagkas C, Amann M, Naegelin Y 
et al (2018) Serum neurofilament as a predictor of disease worsen-
ing and brain and spinal cord atrophy in multiple sclerosis. Brain 
141:2382–2391. https://​doi.​org/​10.​1093/​brain/​awy154

	39.	 Weydt P, Oeckl P, Huss A, Müller K, Volk AE, Kuhle J et al 
(2016) Neurofilament levels as biomarkers in asymptomatic and 
symptomatic familial amyotrophic lateral sclerosis. Ann Neurol 
79:152–158. https://​doi.​org/​10.​1002/​ana.​24552

	40.	 Zucchi E, Bonetto V, Sorarù G, Martinelli I, Parchi P, Liguori R 
et al (2020) Neurofilaments in motor neuron disorders: towards 
promising diagnostic and prognostic biomarkers. Mol Neurode-
generation 15:58. https://​doi.​org/​10.​1186/​s13024-​020-​00406-3

https://doi.org/10.1515/cclm-2019-0015
https://doi.org/10.1515/cclm-2019-0015
https://doi.org/10.1159/000099473
https://doi.org/10.1159/000099473
https://doi.org/10.1002/ana.24980
https://doi.org/10.1002/ana.24980
https://doi.org/10.1136/jnnp-2017-316605
https://doi.org/10.3389/fnagi.2016.00290
https://doi.org/10.3389/fnagi.2016.00290
https://doi.org/10.3389/fneur.2018.01167
https://doi.org/10.3389/fneur.2018.01167
https://doi.org/10.1136/jnnp-2015-312972
https://doi.org/10.1016/j.bbrep.2018.04.010
https://doi.org/10.1016/j.bbrep.2018.04.010
https://doi.org/10.1093/brain/awaa098
https://doi.org/10.1093/brain/awaa098
https://doi.org/10.1093/brain/awy154
https://doi.org/10.1002/ana.24552
https://doi.org/10.1186/s13024-020-00406-3

	Comparative diagnosis interest of NfL and pNfH in CSF and plasma in a context of FTD–ALS spectrum
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study participants
	Samples collection and neurofilaments’ analysis
	Study design
	Statistical analysis

	Results
	Discussion
	References




