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ABSTRACT 

Neurofilament light chain protein (NfL) is currently the most accurate cerebrospinal fluid (CSF) biomarker in 

amyotrophic lateral sclerosis (ALS) in terms of both diagnostic and prognostic values, but the mechanism underlying its 

increase is still a matter of debate. Similarly, emerging CSF biomarkers of neurodegeneration and neuroinflammation 

showed promising results, although further studies are needed to clarify their clinical and pathophysiological roles. In the 

present study we compared the diagnostic accuracy of CSF NfL, phosphorylated (p)-tau/total (t)-tau ratio, chitinase-3-

like protein 1 (YKL-40) and chitotriosidase 1 (CHIT1), in healthy controls (n = 43) and subjects with ALS (n = 80) or 

ALS mimics (n=46). In ALS cases, we also investigated the association between biomarker levels and clinical variables, 

the extent of upper motor neuron (UMN) and lower motor neuron (LMN) degeneration, and denervation activity through 

electromyography (EMG). ALS patients showed higher levels of CSF NfL, YKL-40, CHIT1, and lower values of p-tau/t-

tau ratio compared to both controls and ALS mimics. Among all biomarkers, NfL yielded the highest diagnostic 

performance (> 90% sensitivity and specificity) and was the best predictor of disease progression rate and survival in 

ALS. NfL levels showed a higher correlation with the extent of LMN involvement, whereas YKL-40 levels increased 

together with the number of areas showing both UMN and LMN damage. EMG denervation activity did not correlate 

with any CSF biomarker change. These findings confirm the highest value of NfL among currently available CSF 

biomarkers for the diagnostic and prognostic assessment of ALS and contribute to the understanding of the 

pathophysiological and electrophysiological correlates of biomarker changes. 

 

  



INTRODUCTION 

Amyotrophic Lateral Sclerosis (ALS) is a heterogeneous neurodegenerative disease characterized by the progressive 

degeneration of both upper and lower motor neurons. According to current criteria, the diagnosis of ALS relies on the 

detection of clinical upper motor neuron (UMN) signs, clinical and electrophysiological lower motor neuron (LMN) signs, 

and the exclusion of ALS mimicking diseases [1,2].  

In the past decade, there have been several attempts to exploit cerebrospinal fluid (CSF) candidate biomarkers to improve 

the diagnostic and prognostic assessments of ALS and to better stratify and monitor the patients in clinical trials [3]. To 

date, neurofilament light chain protein (NfL) represents the most promising molecular marker in terms of both diagnostic 

accuracy and prediction of clinical progression, also having the advantage of being easily measured in both CSF and 

blood [4-9]. Although recent studies suggested that NfL levels may reflect the extent of the UMN degeneration more than 

that of the LMN [8-10], the pathogenetic mechanism underlying the raise of NfL concentration in biological fluids is still 

a matter of debate. The fact that only one study to date [8] correlated NfL values with electromyographic findings, the 

most reliable source of information regarding the extent of LMN involvement, may be relevant in this context. Moreover, 

although the phosphorylated (p)-tau/total (t)-tau ratio constitutes an established marker within the frontotemporal 

dementia (FTD) spectrum [11-13], only a few studies assessed its clinical value in ALS [8,14,15].  

Beside NfL and p-tau/t-tau ratio, markers of glial activation, such as chitinase-3-like protein 1 (YKL-40) and 

chitotriosidase-1 (CHIT1), have been explored as possible diagnostic and prognostic biomarkers for ALS, but with 

conflicting results regarding their diagnostic performance in comparison to classical neurodegenerative markers [3,7, 16-

19].  

Taking into account all these unresolved issues, we aimed to comprehensively investigate the diagnostic value of well-

established CSF biomarkers of neurodegeneration (NfL and p-tau/t-tau) and neuroinflammation (YKL-40 and CHIT1) in 

the discrimination between ALS, ALS mimics and controls. Furthermore, we evaluated whether CSF biomarker levels 

are associated with the clinical hallmark features of ALS, namely disease progression rate (DPR), survival, and the extent 

of UMN and LMN degeneration, with the latter evaluated through electromyography (EMG).  

 

METHODS 

Case classification 

We analyzed 169 CSF samples from patients admitted at the Clinica Neurologica, Bellaria Hospital (Bologna, Italy) 

between 2009 and 2019. The cohort comprised 80 cases with ALS, 46 ALS mimics, and 43 healthy controls.  

Patients with suspected ALS were prospectively enrolled and underwent a clinical examination, a neurophysiological 

study including EMG, lumbar puncture (LP), and ancillary tests to exclude ALS mimicking diseases. The maximum delay 



between clinical examination, EMG, and LP was three months. Patients were divided into the following clinical 

phenotypes: classic, bulbar, prevalent UMN, and prevalent LMN (including flail-arm and flail-leg variants) as described 

[20]. Patients were also classified as definite ALS (N= 19), probable ALS (N=27), probable laboratory-supported ALS 

(N=16), and possible ALS (N=18) according to the revised El Escorial criteria [1].  

DPR was defined as [48 - ALS Functional Rating Scale Revised (ALSFRS-R) score at LP]/disease duration at LP in 

points per month. Patients were divided into slow, intermediate and fast progressors according to DPR [slow if below the 

25th percentile (< 0.24), fast if above the 75th percentile (> 1.15), intermediate if between or equal to 0.24 and 1.15] as 

previously described [3, 9].  

In ALS patients, the extent of UMN degeneration was defined as the number of regions (bulbar, cervical and lumbosacral 

regions) displaying UMN degeneration as clinically assessed according to the revised El Escorial criteria [1]. The extent 

of LMN degeneration was defined as the number of regions (bulbar, cervical and lumbosacral regions) displaying LMN 

degeneration as assessed through EMG based on the Awaji criteria [2]. In detail, LMN involvement was defined by the 

presence of neurogenic changes (i.e. increased duration of motor unit potential with or without increased amplitude and/or 

polyphasia assessed quantitatively) plus denervation potentials (DP) and/or fasciculations. Thoracic UMN and LMN 

involvement were not assessed routinely. Subjects were then divided into categories, according to the presence of 1) none 

or one region 2) two regions, 3) three regions showing signs of UMN and/or LMN degeneration [3, 9].  

Given that denervation activity has been previously described as an EMG marker associated with poor prognosis in ALS 

[21, 22], we chose to investigate the correlations, if any, between CSF biomarker changes and a denervation score (DS). 

The latter was defined after the revision of all EMG examinations of ALS patients included in the study and it was 

assigned based on the muscle with the highest denervation activity in a specific region (i.e. bulbar, cervical or 

lumbosacral). The score was derived from the number of sites per muscle showing DP. Each muscle was explored in 10 

different sites; if DP (sharp waves or fibrillations) were identified in 6 or more sites, the DS was classified as high (DS=2 

points). For muscles showing DP in a number of sites between 3 and 5 the DS was classified as low (DS=1 point). In 

cases where signs of denervation were limited to 2 sites or less out of 10, the muscle was considered not denervated 

(DS=0 points). DP were accepted for calculation of DS only if the examined muscle disclosed neurogenic changes.  

The ALS mimics group comprised patients suspected of having ALS at the time of LP, who received an alternative clinical 

diagnosis at last follow-up by an expert neurologist (RL, FS or VV) (Supplementary table 1). The control group included 

age- and sex-matched subjects lacking any clinical or neuroradiologic evidence of central nervous system disease, such 

as tension-type headache, subjective cognitive or sleep complaints, and having normal values of p-tau/Amyloid-β (Aβ)42 

and t-tau/Aβ42 ratios according to our in-house cut-offs [12, 13]. 



The study was conducted according to the revised Declaration of Helsinki and Good Clinical Practice guidelines. 

Informed consent was given by study participants or the next of kin. The present study was approved by the ethics 

committees of “Area Vasta Emilia Centro”. 

 

CSF and genetic analyses 

CSF samples were obtained by LP at the L3/L4 or L4/L5 level following a standard procedure, centrifuged in case of 

blood contamination, divided into aliquots, and stored in polypropylene tubes at −80 °C until analysis. CSF NfL, t-tau, p-

tau, Aβ42, YKL-40 and CHIT1 and levels were analyzed using commercially available enzyme-linked immunosorbent 

assay (ELISA) kits (IBL, Hamburg, Germany; INNOTEST htau-Ag, INNOTEST phosphorylated-Tau181, INNOTEST , 

Innogenetics/Fujirebio Europe, Ghent, Belgium; R&D ELISA, R&D Systems, Minneapolis, MN, USA; MBL, Belgium) 

as previously described [12,13]. The mean intra- and inter-assays coefficients of variation (CVs) were ≤ 5% and < 20% 

for all biomarkers as previously reported [13]. We previously demonstrated that storage time did not affect biomarker 

results [13,23]. 

In the large majority of our ALS cases (75 out of 80) we screened for pathogenetic mutations in ALS/FTD spectrum-

associated genes as previously described [12]. Major screened genes included superoxide dismutase 1 (SOD1), TAR 

DNA-binding protein (TARDBP) and fused in sarcoma (FUS). In the same patient group, we also screened for the 

presence of the hexanucleotide repeat expansion on chromosome 9 open reading frame 72 gene (C9orf72 RE) using the 

2-step strategy with southern blotting confirmation, as previously described [12]. 

The expression and activity of CHIT1 is significantly reduced in subjects homozygous for a polymorphic 24 bp 

duplication in exon 10 of the CHIT1 gene (rs3831317 polymorphism) which has a high prevalence in European 

populations (35%–50%) [13,17]. To exclude any effect of CHIT genotype on our results, we genotyped all cases with 

CHIT1 levels around the detection limit of the assay (280 pg/ml) (10 ALS patients, 2 controls and 4 mimics) as described 

[13]. Ten cases were indeed homozygotes (7 ALS patients, 2 controls and 1 mimics), four cases were heterozygotes and, 

unexpectedly, two were wild type for the duplication. Consequently, we performed all the analyses regarding CHIT1 

twice, namely in all cases (n=169), and after the exclusion of the homozygotes for the 24 bp duplication (n=159).  

 

Statistical analyses 

Statistical analysis was performed using IBM SPSS Statistics version 21 (IBM, Armonk, NY, USA), Stata Stata SE 

version 14.2 (StataCorp LLC, Texas, USA) and GraphPad Prism 7 (GraphPad Software, La Jolla, CA) softwares. For 

continuous variables, depending on the data distribution, the Mann-Whitney U test or the t-test were used to test 

differences between two groups, while the Kruskal-Wallis test (followed by Dunn-Bonferroni post hoc test) or the one-



way analysis of variance (ANOVA) (followed by Tukey’s post hoc test) were applied for multiple group comparisons. 

Chi-Square test was adopted for categorical variables. Receiver operating characteristic (ROC) analyses were performed 

to establish the diagnostic accuracy, sensitivity, and specificity of each biomarker. The optimal cut-off value for 

biomarkers was chosen using the maximized Youden index. For the analysis of covariance (ANCOVA) biomarker values 

were transformed into a square root scale or into a logarithmic scale to obtain a normal data distribution. We used the 

square root- or log-transformed biomarker value as dependent variable and the extent of (1) UMN involvement, (2) LMN 

involvement, (3) UMN and LMN involvement as independent variables. We tested by univariate models the contribution 

of each possible covariate and then added to the multivariate model only those with significant associations. Final included 

covariates were age at LP, sex, DPR, disease duration at LP and the site of onset. Spearman’s correlations were used to 

test the possible associations between CSF biomarkers levels and clinical variables, and between biomarkers values and 

DS. For the latter analysis, we calculated a partial score for each region (bulbar, cervical and lumbosacral) and a total 

score (i.e. sum of partial scores). The cumulative time-dependent probability of death was calculated by the Kaplan-Meier 

estimate. The time of entry into the analysis was the date of lumbar puncture, and the time of the endpoint was the date 

of death or the date of the last follow-up information (truncated at 6 years of follow-up), whichever came first. We 

performed univariate and multivariate Cox regression analysis to study the association between time to death and 

prognostic factors in ALS [24], namely tertiles of each CSF biomarker, DPR, age at LP, sex, the number of regions with 

UMN and LMN degeneration, the forced vital capacity, the disease duration at LP, the presence of C9orf72 mutation, the 

presence of FTD and the site of onset. The results are presented as Hazard Ratios (HRs) and 95% confidence intervals 

(95% CIs). The assumption of proportional hazard was assessed by Schoenfeld residuals. Differences were considered 

statistically significant at p < 0.05.  

 

RESULTS 

Diagnostic value of CSF biomarkers of neurodegeneration and neuroinflammation in ALS 

Demographic, clinical, and genetic data of ALS patients are reported in Table 1. There were no significant differences 

regarding age and sex distribution between groups (Table 2), and no effect of sex and age on biomarker values was 

detected except for age on YKL-40 in controls (Spearman’s rho=0.549, p<0.001) [13].  

ALS patients showed higher levels of CSF NfL, YKL-40 and CHIT1 compared to both controls (p<0.001 for each 

comparison) and ALS mimics (p<0.001 for each comparison); at variance t-tau differed only between ALS and controls 

(p<0.001), whereas p-tau levels were similar in all groups. Moreover, p-tau/t-tau ratio values were lower in ALS compared 

to both mimics and controls (p<0.001 for both comparisons) (Table 2 and Fig.1). The inter-correlations between CSF 

biomarkers in ALS patients are shown in supplementary results. NfL yielded the highest diagnostic accuracy in the 



discrimination between ALS and both controls [area under the curve (AUC) 0.981±0.011] or ALS mimics (AUC 

0.922±0.031) (Table 3). 

 

Associations between CSF biomarkers and the extent and severity of UMN and/or LMN degeneration 

There was a tendency for both NfL (Kruskal Wallis p=0.083) and YKL-40 levels (Kruskal Wallis p=0.057) to correlate 

with the number of regions with both UMN and LMN involvement (Table 4). After adjustment for covariates, both UMN 

and LMN involvement had an effect on YKL-40 [three regions vs. zero or one region: ß= 1.852 (95% CI 1.418-3.562), 

p=0.034] and a borderline association with NfL [three regions vs. zero or one region: ß= 13.262 (95%CI 0.295-26.494), 

p=0.050] (Table 4). Moreover, after the exclusion of the homozygotes for the 24 bp duplication, the analysis showed a 

tendency for CHIT1 (Kruskal Wallis, p=0.053), to significantly increase together with the number of regions showing 

UMN involvement, which was not confirmed after the adjustment for covariates [three regions vs. zero or one region:  ß= 

0.610 95% CI (-0.167-1.387), p=0.122] (Table 4). NfL, p-tau/t-tau, and YKL-40 levels did not correlate with the extent 

of UMN involvement. In addition, CSF NfL, but not p-tau/t-tau, YKL-40 and CHIT1 levels, significantly increased 

together with the number of regions showing LMN degeneration as assessed through EMG (Kruskal Wallis p=0.008) and 

also this finding was confirmed after adjustment for covariates (three regions vs. zero or one region: ß= 16.561 (95% CI 

3.343-29.779), p=0.015) (Table 4).  

The analysis of the effect of DS on CSF biomarkers did not reveal significant correlations in any examined region (bulbar, 

cervical, and lumbosacral). Moreover, there was no significant association between total DS and CSF values for each 

biomarker. 

 

Prognostic value of CSF biomarkers in ALS 

Median CSF biomarker values did not significantly differ among ALS clinical phenotypes. In ALS patients, the disease 

duration at LP (mean±SD= 20.32±18.14 months) slightly inversely correlated with NfL (Spearman’s rho=-0.362, 

p=0.001) but not with other biomarkers. The results could be explained by the statistically significant difference in disease 

duration at LP among fast (n=18), intermediate (n=42), and slow (n=20) progressors, with the former showing a shorter 

disease duration compared to the other groups (p<0.001 for each comparison). Accordingly, DPR correlated with both 

NfL (Spearman’s rho =0.391, p<0.001), p-tau/t-tau (Spearman’s rho =-0.238, p=0.034), but not with other biomarkers. 

Moreover, fast progressors, according to DPR1, showed higher NfL levels compared to slow (p=0.004) progressors and 

lower values of p-tau/t-tau compared to intermediate (p=0.006) and slow progressors (p=0.041). Otherwise, no differences 

in other biomarker levels were detected between groups with different DPR. 



Based on univariate Cox regression analysis (73 ALS patients; 22 dead, 1368 person-month) age, sex, DPR, presence of 

FTD, CSF NfL and CSF p-tau/t-tau ratio were identified as predictors of the mortality hazard ratios in ALS patients (Table 

5, Fig.2 and supplementary results). In the multivariate Cox regression, only NfL but not p-tau/t-ratio remained a 

significant predictor of ALS survival (p=0.036) together with age, sex, and FTD status (Table 5 and supplementary 

results). Accordingly, ALS patients with higher baseline CSF NfL were associated with shorter survival (highest tertile 

of NfL vs. lowest tertile of NfL, HR (CI 95%): 3.943 (1.097-14.167), p=0.036). Other CSF biomarkers were not associated 

with survival in ALS patients. 

 

DISCUSSION  

In the present study, we have compared the diagnostic and prognostic performances of a large panel of CSF biomarkers 

of neurodegeneration and neuroinflammation in ALS. Our results confirm NfL as the best available CSF marker in terms 

of diagnostic value, and prediction of survival and disease progression. However, the data also provide some new insights 

into the clinical correlates and pathophysiological mechanisms underlying the increase of CSF NfL in ALS. 

In our cohort, ALS patients showed higher levels of CSF NfL and lower p-tau/t-tau ratio values compared to both controls, 

and ALS mimics, reflecting the ongoing massive neurodegeneration occurring in the symptomatic phase of ALS [4-8,14]. 

Moreover, in full agreement with the notion that neuroinflammation has an important role in ALS pathogenesis [25], we 

confirmed the significant increase of CSF astroglial and microglial proteins, such as YKL-40 [3,7,17-19,26] and CHIT1 

[3, 16-19, 26]. Thus, CSF YKL-40 and CHIT1 measurement could contribute knowledge regarding the timing, type, and 

extent of immune response that occur in ALS. 

The neuroanatomical correlates of CSF NfL changes in ALS remain unclear. In this regard, our data showed a tendency 

towards a positive correlation between CSF NfL values and the number of regions affected by both UMN and LMN 

damage. However, the correlation was significant only in the sub-analysis with the extent of LMN degeneration and not 

in that with the UMN involvement, suggesting that the damaged motor neurons in the anterior horn of the spinal cord, 

which is rich in large axons, significantly contribute to the release of NfL in CSF. The result is at variance with other 

studies [8-10], in which the finding of a positive correlation between CSF or blood NfL levels and the corticospinal tract 

degeneration assessed either clinically or by 3T-Magnetic Resonance Imaging (DTI measures) led to the claim that CSF 

NfL should be considered a marker of UMN damage. However, the fact that CSF NfL levels are also significantly 

increased in spinal muscular atrophy (SMA) type 1, which is characterized by a selective, rapidly progressive, LMN 

degeneration [27], and the positive correlation we found between NfL levels and DPR at LP, which is confirmatory of 

previous data [5,7,9] are also supportive of a role of LMN damage. In contrast, slowly progressive motor syndromes with 

either selective UMN degeneration, such as Hereditary Spastic Paraplegias [28] and primary lateral sclerosis [4, 9] or a 



selective involvement of LMN such as SMA type 3 [29] typically show lower CSF or blood NfL levels than ALS. 

Considering these findings altogether, we speculate that both the rate/aggressiveness of motor neuron degeneration and 

the extent of motor neuron degeneration in the anterior horn of the spinal cord significantly contribute to the raise of NfL 

levels in ALS. A possible explanation for the above-mentioned conflicting results in the current literature may be related 

to the inter-rater variability in the clinical evaluation of UMN or LMN signs. Thus, our decision to use only EMG as a 

stringent criterion to define LMN involvement by reducing the inter-rater clinical variability and allowing the detection 

of subclinical LMN pathophysiological changes likely added strength to our results [21]. On the contrary, the clinical-

based assessment of UMN signs represents a limit our study shares with previous investigations [3, 5, 8, 9, 19]. 

Regarding glial markers, our findings of an association between the extent of both UMN and LMN involvement and 

levels of YKL-40, in partial agreement with previous literature [3, 19], and of a tendency toward a correlation between 

the number of areas with UMN damage and CHIT1 levels as described [3] are supported by the findings of a significant 

upregulation of both YKL-40 and CHIT1 in ALS spinal corticospinal tract [16-18].  

While we showed a positive correlation between CSF NfL level and the extent of LMN involvement as assessed using 

EMG, we failed to find any correlation between CSF biomarker values, and, in particular CSF NfL, and the quantitative 

score of denervation activity (DS), a known adverse prognostic factor in ALS [21,22].  It is, therefore, plausible that other 

neurophysiological parameters, such as the motor unit reinnervation rate and the loss of motor units, may show a positive 

correlation with CSF NfL. Future prospective studies are needed to clarify these issues, especially the application of new 

advanced methodologies, such as motor unit estimation (MUNE) and motor unit number index (MUNIX), which better 

characterize the loss of motor units and the degree of LMN involvement [30]. 

In this study, we systematically compared, for the first time, the accuracy of YKL-40 and CHIT1 one hand, and NfL and 

p-tau/t-tau on the other in the discrimination between ALS and controls or mimics. The collected data demonstrated a 

relatively lower or similar performance of glial markers compared to NfL or p-tau/t-tau, respectively. Similarly, 

Thompson et al. showed that both glial markers do not contribute significantly to the performance of phosphorylated 

neurofilament heavy chain protein (NfH) for ALS diagnosis [19]. Moreover, while in our cohort, YKL-40 and CHIT1 

AUC values overlapped significantly with those reported by other studies [3,16,19,26], the p-tau/t-tau ratio showed lower 

diagnostic accuracy in comparison to a previous study [14].  

Finally, our data suggested that NfL is a strong independent predictor of survival in ALS patients [5,8,9,31], even after 

taking into account other prognostic factors. Given that higher NfL levels are associated with a faster disease progression 

and shorter survival, this biomarker currently represents the primary candidate to stratify patients in clinical trials for 

future neuroprotective treatments. However, at variance with previous findings [3,7,19,26] we failed to reveal a similar 

prognostic value for YKL-40 and CHIT1. 



The principal limitation of our study consists of its cross-sectional nature, which did not help in tracking biomarker 

longitudinal evolution according to the disease stage. Further studies are needed to evaluate the changes in CSF 

biomarkers according to disease progression. On the other side, the single-center prospective design, together with the 

inclusion of a large panel of CSF biomarkers, detailed clinical evaluations, follow-up information, and electromyographic 

data, allowed a more accurate patient characterization and added robustness to the findings. Finally, the fact that we did 

not analyze the data concerning cognitive status in ALS cases due to lack of a standardized cognitive assessment might 

be considered an additional limit. 

In conclusion, we confirmed the best performance of NfL in terms of diagnostic value, prediction of survival, and disease 

progression rate compared to CSF markers of neuroinflammation and the p-tau/t-tau ratio. Moreover, we showed a 

positive correlation between CSF NfL, YKL-40 and CHIT1 levels and the extent of LMN or UMN motor neuron 

degeneration or both, depending on the specific marker. Finally, we failed to find a significant association between CSF 

biomarker levels and the denervation activity. This latter finding, also considering that our DS score still needs to be 

validated warrant confirmation by multicentric studies, which should evaluate other EMG markers to explore the 

neurophysiological correlates of CSF biomarkers better.  

 

ETHICAL STANDARD 

The study was conducted according to the revised Declaration of Helsinki and Good Clinical Practice guidelines and 

approved by the “Area Vasta Emilia Centro” ethics committee. Informed consent was given by study participants or the 

next of kin. 

 

CONFLICT OF INTEREST 

The authors declare that they have no conflict of interest. 

 

 

 

 

 

 

 

 

 



 

REFERENCES  

1) Brooks BR, Miller RG, Swash M, Munsat TL; World Federation of Neurology Research Group on Motor Neuron 

Diseases (2000) El Escorial revisited: revised criteria for the diagnosis of amyotrophic lateral sclerosis. 

Amyotroph Lateral Scler Other Motor Neuron Disord 1(5):293-9.  

2) de Carvalho M, Dengler R, Eisen A, England JD, Kaji R, Kimura J, Mills K, Mitsumoto H, Nodera H, Shefner 

J, Swash M (2008) Electrodiagnostic criteria for diagnosis of ALS. Clin Neurophysiol 119(3):497-503. doi: 

10.1016/j.clinph.2007.09.143.  

3) Gille B, De Schaepdryver M, Dedeene L, Goossens J, Claeys KG, Van Den Bosch L, Tournoy J, Van Damme 

P, Poesen K (2019) Inflammatory markers in cerebrospinal fluid: independent prognostic biomarkers in 

amyotrophic lateral sclerosis? J Neurol Neurosurg Psychiatry 90(12):1338-1346. doi: 10.1136/jnnp-2018-

319586.  

4) Steinacker P, Feneberg E, Weishaupt J, Brettschneider J, Tumani H, Andersen PM, von Arnim CA, Böhm S, 

Kassubek J, Kubisch C, Lulé D, Müller HP, Muche R, Pinkhardt E, Oeckl P, Rosenbohm A, Anderl-Straub S, 

Volk AE, Weydt P, Ludolph AC, Otto M (2016) Neurofilaments in the diagnosis of motoneuron diseases: a 

prospective study on 455 patients. J Neurol Neurosurg Psychiatry 87(1):12-20. doi: 10.1136/jnnp-2015-311387.  

5) Poesen K, De Schaepdryver M, Stubendorff B, Gille B, Muckova P, Wendler S, Prell T, Ringer TM, Rhode H, 

Stevens O, Claeys KG, Couwelier G, D'Hondt A, Lamaire N, Tilkin P, Van Reijen D, Gourmaud S, Fedtke N, 

Heiling B, Rumpel M, Rödiger A, Gunkel A, Witte OW, Paquet C, Vandenberghe R, Grosskreutz J, Van Damme 

P (2017) Neurofilament markers for ALS correlate with extent of upper and lower motor neuron disease. 

Neurology 88(24):2302-2309. doi: 10.1212/WNL.0000000000004029.  

6) Feneberg E, Oeckl P, Steinacker P, Verde F, Barro C, Van Damme P, Gray E, Grosskreutz J, Jardel C, Kuhle J, 

Koerner S, Lamari F, Amador MDM, Mayer B, Morelli C, Muckova P, Petri S, Poesen K, Raaphorst J, Salachas 

F, Silani V, Stubendorff B, Turner MR, Verbeek MM, Weishaupt JH, Weydt P, Ludolph AC, Otto M (2018)  

Multicenter evaluation of neurofilaments in early symptom onset amyotrophic lateral sclerosis. Neurology 

90(1):e22-e30. doi: 10.1212/WNL.0000000000004761.  

7) Illán-Gala I, Alcolea D, Montal V, Dols-Icardo O, Muñoz L, de Luna N, Turón-Sans J, Cortés-Vicente E, 

Sánchez-Saudinós MB, Subirana A, Sala I, Blesa R, Clarimón J, Fortea J, Rojas-García R, Lleó A (2018) CSF 

sAPPβ, YKL-40, and NfL along the ALS-FTD spectrum. Neurology 91(17):e1619-e1628. doi: 

10.1212/WNL.0000000000006383. 



8) Schreiber S, Spotorno N, Schreiber F, Acosta-Cabronero J, Kaufmann J, Machts J, Debska-Vielhaber G, Garz 

C, Bittner D, Hensiek N, Dengler R, Petri S, Nestor PJ, Vielhaber S (2018) Significance of CSF NfL and tau in 

ALS. J Neurol 265(11):2633-2645. doi: 10.1007/s00415-018-9043-0.  

9) Gille B, De Schaepdryver M, Goossens J, Dedeene L, De Vocht J, Oldoni E, Goris A, Van Den Bosch L, 

Depreitere B, Claeys KG, Tournoy J, Van Damme P, Poesen K (2019) Serum neurofilament light chain levels 

as a marker of upper motor neuron degeneration in patients with Amyotrophic Lateral Sclerosis. Neuropathol 

Appl Neurobiol 45(3):291-304. doi: 10.1111/nan.12511.  

10) Menke RA, Gray E, Lu CH, Kuhle J, Talbot K, Malaspina A, Turner MR (2015). CSF neurofilament light chain 

reflects corticospinal tract degeneration in ALS. Ann Clin Transl Neurol 2(7):748-55. doi: 10.1002/acn3.212.  

11) Meeter LHH, Vijverberg EG, Del Campo M, Rozemuller AJM, Donker Kaat L, de Jong FJ, van der Flier WM, 

Teunissen CE, van Swieten JC, Pijnenburg YAL (2018) Clinical value of neurofilament and phospho-tau/tau 

ratio in the frontotemporal dementia spectrum. Neurology 90(14):e1231-e1239. doi: 

10.1212/WNL.0000000000005261.  

12) Abu-Rumeileh S, Mometto N, Bartoletti-Stella A, Polischi B, Oppi F, Poda R, Stanzani-Maserati M, Cortelli P, 

Liguori R, Capellari S, Parchi P (2018) Cerebrospinal Fluid Biomarkers in Patients with Frontotemporal 

Dementia Spectrum: A Single-Center Study. J Alzheimers Dis 66(2):551-563. doi: 10.3233/JAD-180409.  

13) Abu-Rumeileh S, Steinacker P, Polischi B, Mammana A, Bartoletti-Stella A, Oeckl P, Baiardi S, Zenesini C, 

Huss A, Cortelli P, Capellari S, Otto M, Parchi P (2019) CSF biomarkers of neuroinflammation in distinct forms 

and subtypes of neurodegenerative dementia. Alzheimers Res Ther 12(1):2. doi:10.1186/s13195-019-0562-4. 

14) Grossman M, Elman L, McCluskey L, McMillan CT, Boller A, Powers J, Rascovsky K, Hu W, Shaw L, Irwin 

DJ, Lee VM, Trojanowski JQ (2014) Phosphorylated tau as a candidate biomarker for amyotrophic lateral 

sclerosis. JAMA Neurol 71(4):442-8. doi: 10.1001/jamaneurol.2013.6064.  

15) Wilke C, Deuschle C, Rattay TW, Maetzler W, Synofzik M (2015) Total tau is increased, but phosphorylated 

tau not decreased, in cerebrospinal fluid in amyotrophic lateral sclerosis. Neurobiol Aging 36(2):1072-4. doi: 

10.1016/j.neurobiolaging.2014.10.019. 

16) Steinacker P, Verde F, Fang L, Feneberg E, Oeckl P, Roeber S, Anderl-Straub S, Danek A, Diehl-Schmid J, 

Fassbender K, Fliessbach K, Foerstl H, Giese A, Jahn H,  Kassubek J, Kornhuber J, Landwehrmeyer GB, Lauer 

M, Pinkhardt EH, Prudlo J, Rosenbohm A, Schneider A, Schroeter ML, Tumani H, von Arnim CAF, Weishaupt 

J, Weydt P, Ludolph AC, Yilmazer Hanke D, Otto M; FTLDc study group (2018) Chitotriosidase (CHIT1) is 

increased in microglia and macrophages in spinal cord of amyotrophic lateral sclerosis and cerebrospinal fluid 



levels correlate with disease severity and progression. J Neurol Neurosurg Psychiatry 89(3):239-247. doi: 

10.1136/jnnp-2017-317138.  

17) Oeckl P, Weydt P, Steinacker P, Anderl-Straub S, Nordin F, Volk AE, Diehl-Schmid J, Andersen PM, Kornhuber 

J, Danek A, Fassbender K, Fliessbach K; German Consortium for Frontotemporal Lobar Degeneration, Jahn H, 

Lauer M, Müller K, Knehr A, Prudlo J, Schneider A, Thal DR, Yilmazer-Hanke D, Weishaupt JH, Ludolph AC, 

Otto M (2019) Different neuroinflammatory profile in amyotrophic lateral sclerosis and frontotemporal dementia 

is linked to the clinical phase. J Neurol Neurosurg Psychiatry 90(1):4-10. doi: 10.1136/jnnp-2018-318868.  

18) Oeckl P, Weydt P, Thal DR, Weishaupt JH, Ludolph AC, Otto M (2019) Proteomics in cerebrospinal fluid and 

spinal cord suggests UCHL1, MAP2 and GPNMB as biomarkers and underpins importance of transcriptional 

pathways in amyotrophic lateral sclerosis. Acta Neuropathol doi: 10.1007/s00401-019-02093-x. 

19) Thompson AG, Gray E, Bampton A, Raciborska D, Talbot K, Turner MR (2019) CSF chitinase proteins in 

amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 90(11):1215-1220. doi: 10.1136/jnnp-2019-

320442.  

20) Swinnen B, Robberecht W (2014) The phenotypic variability of amyotrophic lateral sclerosis. Nat Rev Neurol 

10(11):661-70. doi: 10.1038/nrneurol.2014.184.  

21) Krarup C. Lower motor neuron involvement examined by quantitative electromyography in amyotrophic lateral 

sclerosis (2011). Clin Neurophysiol 122(2):414-22. doi: 10.1016/j.clinph.2010.06.027.  

22) Sato Y, Nakatani E, Watanabe Y, Fukushima M, Nakashima K, Kannagi M, Kanatani Y, Mizushima H (2015) 

Prediction of prognosis of ALS: Importance of active denervation findings of the cervical-upper limb area and 

trunk area. Intractable Rare Dis Res 4(4):181-9. doi: 10.5582/irdr.2015.01043.  

23) Abu-Rumeileh S, Giannini G, Polischi B, Albini-Riccioli L, Milletti D, Oppi F, Stanzani-Maserati M, Capellari 

S, Mantovani P, Palandri G, Cortelli P, Cevoli S, Parchi P (2019) Revisiting the Cerebrospinal Fluid Biomarker 

Profile in Idiopathic Normal Pressure Hydrocephalus: The Bologna Pro-Hydro Study. J Alzheimers Dis 

68(2):723-733. doi: 10.3233/JAD-181012.  

24) Westeneng HJ, Debray TPA, Visser AE, van Eijk RPA, Rooney JPK, Calvo A, Martin S, McDermott CJ, 

Thompson AG, Pinto S, Kobeleva X, Rosenbohm A, Stubendorff B, Sommer H, Middelkoop BM, Dekker AM, 

van Vugt JJFA, van Rheenen W, Vajda A, Heverin M, Kazoka M, Hollinger H, Gromicho M, Körner S, Ringer 

TM, Rödiger A, Gunkel A, Shaw CE, Bredenoord AL, van Es MA, Corcia P, Couratier P, Weber M, Grosskreutz 

J, Ludolph AC, Petri S, de Carvalho M, Van Damme P, Talbot K, Turner  MR, Shaw PJ, Al-Chalabi A, Chiò A, 

Hardiman O, Moons KGM, Veldink JH, van den Berg LH (2018) Prognosis for patients with amyotrophic lateral 



sclerosis: development and validation of a personalised prediction model. Lancet Neurol 17(5):423-433. doi: 

10.1016/S1474-4422(18)30089-9.  

25) Beers DR, Appel SH (2019) Immune dysregulation in amyotrophic lateral sclerosis: mechanisms and emerging 

therapies. Lancet Neurol 18(2):211-220. doi: 10.1016/S1474-4422(18)30394-6. 

26) Thompson AG, Gray E, Thézénas ML, Charles PD, Evetts S, Hu MT, Talbot K, Fischer R, Kessler BM, Turner 

MR (2018) Cerebrospinal fluid macrophage biomarkers in amyotrophic lateral sclerosis. Ann Neurol 83(2):258-

268. doi:10.1002/ana.25143.  

27) Olsson B, Alberg L, Cullen NC, Michael E, Wahlgren L, Kroksmark AK, Rostasy K, Blennow K, Zetterberg H, 

Tulinius M (2019) NFL is a marker of treatment response in children with SMA treated with nusinersen. J Neurol 

266(9):2129-2136. doi: 10.1007/s00415-019-09389-8.  

28) Wilke C, Rattay TW, Hengel H, Zimmermann M, Brockmann K, Schöls L, Kuhle J, Schüle R, Synofzik M 

(2018) Serum neurofilament light chain is increased in hereditary spastic paraplegias. Ann Clin Transl Neurol 

5(7):876-882. doi: 10.1002/acn3.583.  

29) Wurster CD, Steinacker P, Günther R, Koch JC, Lingor P, Uzelac Z, Witzel S, Wollinsky K, Winter B, 

Osmanovic A, Schreiber-Katz O, Al Shweiki R, Ludolph AC, Petri S, Hermann A, Otto M; MND-Net (2019) 

Neurofilament light chain in serum of adolescent and adult SMA patients under treatment with nusinersen. J 

Neurol doi: 10.1007/s00415-019-09547-y. 

30) Jacobsen AB, Kristensen RS, Witt A, Kristensen AG, Duez L, Beniczky S, Fuglsang-Frederiksen A, Tankisi H 

(2018) The utility of motor unit number estimation methods versus quantitative motor unit potential analysis in 

diagnosis of ALS. Clin Neurophysiol 129(3):646-653. doi: 10.1016/j.clinph.2018.01.002. 

31) Gaiani A, Martinelli I, Bello L, Querin G, Puthenparampil M, Ruggero S, Toffanin E, Cagnin A, Briani C, 

Pegoraro E, Sorarù G (2017) Diagnostic and Prognostic Biomarkers in Amyotrophic Lateral Sclerosis: 

Neurofilament Light Chain Levels in Definite Subtypes of Disease. JAMA Neurol 74(5):525-532. doi: 

10.1001/jamaneurol.2016.5398.  

 

 

 

 

 

 

 



FIGURE CAPTIONS 

Fig.1 CSF biomarkers of neurodegeneration and neuroinflammation in ALS, mimics and controls. NfL (a), p-tau/t-

tau ratio (b), CHIT1 (c) and YKL-40 levels (d) in the disease groups. Horizontal lines represent medians. NfL and CHIT1 

values are expressed in logarithmic scale. Only statistically significant differences are displayed (Kruskal-Wallis followed 

by Dunn-Bonferroni post hoc test). Abbreviations: ALS, amyotrophic lateral sclerosis; CHIT1, chitotriosidase 1; NfL, 

neurofilament light chain protein; p-tau, phosphorylated tau; t-tau, total tau protein; YKL-40, chitinase-3-like protein 1 

 

Fig.2 Survival curves in ALS patients according to the values of NfL and p-tau/t-tau ratio. Biomarker levels were 

stratified in low, mid and high tertiles. Kaplan Meier analyses were created for NfL (a) and p-tau/t-tau ratio (b). 

Abbreviations : NfL, neurofilament light chain protein; p-tau, phosphorylated tau; t-tau, total tau protein 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLES  

Table 1. Demographic, clinical and genetic characteristics of ALS patients. 

Demographic and clinical characteristics                          Mean±SD 

Age at onset (years); age at diagnosis (LP) (years) 

Disease duration from onset to LP (months) 

ALSFRS-R at LP (points) 

Disease duration from LP to death (months) 

60±12; 62±12 

20±18 

39±6 

28±28 

Site of onset 

Spinal 

Bulbar 

N (%) 

61 (76.25) 

19 (23.75) 

ALS clinical phenotypes 

Spinal  

Bulbar 

Prevalent upper motor neuron 

Prevalent lower motor neuron + flail arm 

N (%) 

54 (67.50) 

12 (15.0) 

7 (8.75) 

7 (8.75) 

Genetic data                                                                          N (%) 

Family history for ALS/FTD 

Genetic cases 

C09orf72 

SOD1 

TARDP 

FUS 

19 

14 

11* 

2* 

2 

- 

*One patient with pathogenetic mutations in two genes 

Abbreviations : ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale Revised; C9orf72 RE, 

hexanucleotide repeat expansion on chromosome 9 open reading frame 72 gene; FTD, frontotemporal dementia; FUS, 

fused in sarcoma gene; LP, lumbar puncture ; SD, standard deviation; SOD1, superoxide dismutase 1 gene; TARDBP, 

TAR DNA-binding protein gene 

 

 

 



Table 2. Demographics and CSF biomarker results in the diagnostic groups. 

 ALS ALS mimics Controls P 

N 80 46 43  

Age at LP (years±SD) 62.21±12.41 62.37±11.93 63.93±10.60 0.807 

Female (%) 42.5 32.6 48.8 0.289 

NfL (pg/ml) 

Median (IQR) 
5250 (3339-8750) 873 (450-1309) 

574 

(416-775) 
<0.001 

t-tau (pg/ml) 

Median (IQR) 
254 (186-364) 206 (159-264) 173 (138-219) <0.001 

p-tau (pg/ml) 

Median (IQR) 
39 (28-49) 39 (32-46) 39 (27-44) 0.675 

p-tau/t-tau 

Median (IQR) 
0.144 (0.117-0.180) 0.189 (0.160-0.217) 

0.201 

(0.166-0.231) 
<0.001 

YKL-40 (ng/ml) 

Median (IQR) 
253 (193-327) 154 (119-228) 

136 

(104-162) 
<0.001 

CHIT1 (pg/ml) 

Median (IQR) 

All 

6572 (2508-19050) 1387 (902-2959) 
1374 

(753-2440) 
<0.001 

CHIT1 (pg/ml) 

Median (IQR) 

WT + Het 

8088 (3526-21200) 1504 (990-2998) 
1382 

(762-2472) 
<0.001 

 

Abbreviations : ALS, amyotrophic lateral sclerosis; CHIT1, chitotriosidase 1; Het, heterozygotes for CHIT1 24bp 

duplication; IQR, interquartile range; LP, lumbar puncture; NfL, neurofilament light chain protein; p-tau, phosphorylated 

tau: t-tau, total tau protein; YKL-40, chitinase-3-like protein 1; WT, wild type for CHIT1 24bp duplication 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Diagnostic accuracy of CSF biomarkers in the differential diagnosis of ALS 

 

 

ALS vs controls 

  
ALS vs mimics 

 

 AUC  cut-off 
sens 

(%) 

spec 

(%) 
 AUC  cut-off 

sens 

(%) 

spec 

(%) 

NfL 0.981±0.011 > 
1207 

pg/ml 
96.3 97.7 NfL 0.922±0.031 > 

1955 

pg/ml 
91.7 91.3 

t-tau 0.736±0.046 > 
191 

pg/ml 
75.0 62.8 t-tau 0.630±0.051 > 

228 

pg/ml 
57.5 56.5 

p-tau/ t-tau 0.813±0.039 < 0.166 76.7 68.7 p-tau/ t-tau 0.750±0.046 < 0.170 69.6 71.2 

YKL-40 0.879±0.034 > 
184 

ng/ml 
81.3 90.7 YKL-40 0.740±0.048 > 

199 

ng/ml 
72.5 63.0 

CHIT1 

All 
0.817±0.039 > 

2411 

pg/ml 
80.0 76.2 

CHIT1 

All 
0.796±0.040 > 

1719 

pg/ml 
83.8 65.2 

CHIT1 

WT + Het 
0.893±0.030 > 

2411 

pg/ml 
87.7 75.6 

CHIT1 

WT + Het 
0.862±0.034 > 

2311 

pg/ml 
87.7 68.2 

 

Abbreviations: ALS, amyotrophic lateral sclerosis; AUC, area under the curve; CHIT1, chitotriosidase 1; Het, 

heterozygotes for CHIT1 24bp duplication; Het, heterozygotes for CHIT1 24bp duplication; IQR, interquartile range; 

NfL, neurofilament light chain protein; p-tau, phosphorylated tau; t-tau, total tau protein; YKL-40, chitinase-3-like protein 

1; WT, wild type for CHIT1 24bp duplication 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4. CSF biomarker levels according to the extent of UMN and/or LMN degeneration  

  N 

NfL 

pg/ml 

Median 

(IQR) 

p-tau/t-

tau 

Median 

(IQR) 

YKL-40 

ng/ml 

Median 

(IQR) 

CHIT1 

pg/ml 

Median 

(IQR) 

All 

N 

CHIT1 

pg/ml 

Median 

(IQR) 

WT+Het 

UMN and LMN 

degeneration 

Zero or 

one region 
30 

5015 

(2698-

8175) 

0.146 

(0.108-

0.192) 

212 

(186-

280) 

5647 

(2345-

11300) 

27 
7069 

(2503-13100) 

Two 

regions 
28 

5038 

(3413-

8325) 

0.147 

(0.129-

0.173) 

256 

(184-

310) 

6427 

(2966-

20175) 

26 
7380 

(4033-21000) 

Three 

regions 
22 

7388 

(4297-

11300) 

0.140 

(0.118-

0.175) 

287 

(219-

392) 

8673 

(3322-

35625) 

20 
10092 

(5017-38475) 

UMN 

degeneration 

Zero or 

one region 
17 

6200 

(2847-

8500) 

0.142 

(0.108-

0.177) 

214 

(199-

281) 

5450 

(2276-

9962) 

15 
7069 (2499-

10700) 

Two 

regions 
26 

4484 

(2516-

7662) 

0.147 

(0.134-

0.181) 

250 

(184-

314) 

5825 

(1380-

11150) 

24 
6014 

(2781-12450) 

Three 

regions 
37 

6800 

(4009-

9725) 

0.142 

(0.111-

0.180) 

273 

(191-

375) 

9352 

(3779-

23750) 

34 
11350 (4673-

26550) 

LMN 

degeneration 

Zero or 

one region 
17 

3412 

(1960-

7575) 

0.167 

(0.106-

0.200) 

221 

(172-

300) 

5844 

(1819-

14100) 

16 
6822 

(2739-14600) 

Two 

regions 
29 

4748 

(2713-

7425) 

0.147 

(0.129-

0.184) 

276 

(199-

325) 

5785 

(2016-

15200) 

24 
6870 (3780-

20175) 

Three 

regions 
34 

7388 

(4611-

11013) 

0.140 

(0.110-

0.165) 

251 

(199-

346) 

8673 

(2946-

23550) 

33 
8984 

(3930-23700) 

 

Abbreviations: CHIT1, chitotriosidase 1; IQR, interquartile range; LMN, lower motor neuron, NfL, neurofilament light 

chain protein; p-tau, phosphorylated tau; t-tau, total tau protein; UMN, upper motor neuron, YKL-40, chitinase-3-like 

protein 1; WT, wild type for CHIT1 24bp duplication 

 

 

 

 

 

 

 

 



Table 5. Univariate and multivariate Cox Regression analysis for NfL and possible clinical predictors of survival 

in patients with ALS.  

Variable  

Univariate COX regression Multivariate COX regression 

HR (95% CI) 
p 

value 
HR (95% CI) p value 

NfL 

Low tertile (<3900) Ref Ref Ref Ref 

Mid tertile (3900 – 7350) 
1.020 (0.319-

3.259) 
0.973 

0.925 (0.1902-

5.501) 
0.923 

High tertile (>7350) 
2.516 (0.931-

6.800) 
0.069 

3.943 (1.097-

14.167) 
0.036 

DPR 

Slow (<0.24) Ref Ref Ref Ref 

Intermediate (0.24 – 1.15) 
1.182 (0.416-

3.342) 
0.753 1.466 (0.397-5.418) 0.566 

Fast (>1.15) 
3.806 (1.195-

12.121) 
0.024 

3.416 (0.834-

13.980) 
0.088 

Age 

1 quartile (<55 yrs) Ref Ref Ref Ref 

2 quartile (56 – 65 yrs) 
1.840 (0.426-

7.958) 
0.414 

1.777 (0.310-

10.196) 
0.519 

3 quartile (66 – 71 yrs) 
1.713 (0.407-

7.211) 
0.463 1.713 (0.301-9.760) 0.544 

4 quartile (> 71 yrs) 
4.522 (1.187-

17.232) 
0.027 

5.876 (1.303-

26.496) 
0.021 

Sex 

Female Ref Ref Ref Ref 

Male 
2.526 (1.006-

6.343) 
0.048 

3.737 (1.038-

13.456) 
0.044 

FTD 

status 

Non-FTD Ref Ref Ref Ref 

FTD 
1.070 (0.390-

2.936) 
0.895 

4.225 (1.521-

11.738) 
0.006 

 

Abbrevations: CI, confidence interval; DPR, disease progression rate; FTD, frontotemporal dementia; HR, hazard ratio; 

NfL, neurofilament light chain protein; Ref, reference; yrs, years 
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