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Letter

Prognostic relationship of 
neurofilaments, CHIT1, YKL- 40 
and MCP- 1 in amyotrophic 
lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a 
neurodegenerative disorder characterised 
by the progressive loss of motor neurons 
in the brain, the brainstem and the spinal 
cord.1 This results in progressive muscle 
weakness and wasting. A repeat expansion 
in the C9orf72 gene is the most common 
genetic cause of ALS and frontotemporal 
dementia, at least in European populations.2 
Biomarkers that capture various aspects of 
the disease are emerging and are becoming 
an important read- out in clinical studies. 
Neurofilaments (Nfs) both in cerebrospinal 
fluid (CSF) and blood have shown to reflect 
the extent of motor neuron degeneration 
and to predict survival in patients with ALS 
(pALS).3 Yet, Nfs do not capture the entire 
spectrum of the pathology in ALS. Indeed, 
inflammation is another prominent patho-
logical hallmark in ALS.4 Inflammation, 
featured by glial cell activation and activa-
tion of other cells of the innate and adaptive 
immune system, is a key component of the 
non- cell autonomous neurodegeneration in 
ALS.5 The neuroinflammatory response may 
initially help to maintain brain homeostasis, 
but could eventually become a neurotoxic 
response.4 5 Multiple inflammatory markers 
have been studied in ALS. We selected three 
neuroinflammatory markers with a good 
performance at diagnostic and prognostic 
level in ALS: chitotriosidase (CHIT1), 
chitinase- 3- like protein 1 (YKL‐40) and 
monocyte chemoattractant protein (MCP- 
1).6 CHIT1 is primarily expressed by cells of 
myeloid lineage and YKL‐40 is produced by 
reactive astrocytes and microglia.7 8 MCP- 1 
promotes migration of peripheral immune 
cells to sites of inflammation and activates 
microglia towards an activated neurotoxic 
state.9 The CSF levels of CHIT1, YKL‐40 
and MCP- 1 are elevated in pALS and can 
predict a shorter survival.6 The relation, 
however, between Nfs, including neurofila-
ment light chain (NfL) and phosphorylated 
neurofilament heavy chain (pNfH), glial 
markers including CHIT1 and YKL- 40, 
and MCP- 1 in pALS in terms of predicting 
survival is largely unexplored. The primary 
objective of our study was to investigate the 
relative contribution of these markers to 
survival prediction. In addition, we studied 
their performance to discriminate disease 
controls and asymptomatic C9orf72 repeat 
expansion carriers (asymp- C9) from pALS, 

as well as the correlation between the 
different biomarkers.

pALS were recruited at two centres. The 
demographics of the Leuven cohort (LEU), 
including sporadic ALS (sALS), ALS caused 
by a C9orf72 repeat expansion (C9- ALS) 
as well as asymp- C9, are shown in online 
supplemental table 1. The demographics 
of the Bethesda cohort (BETH), including 
C9- ALS, FTD- C9 and asymp- C9, are 
provided in online supplemental table 2. 
The BETH was used to test the cut- offs 
determined in the LEU on an independent 
cohort of C9 carriers. Lastly, disease controls 
were recruited at Leuven (online supple-
mental table 3).

We first performed survival analyses. A 
univariate survival analysis confirmed that 
each marker predicted survival separately 
(online supplemental table 4). Nfs, glial 
markers and MCP- 1 were next analysed in 
a multivariate model for survival in ALS. 
For this analysis, all five biomarkers of LEU- 
pALS were included in a Cox regression 
analysis and a stepwise backward method 
was applied. NfL and YKL- 40 came out as 
the significantly independent predictors of 
survival in pALS (online supplemental table 
5). Next, all LEU- pALS were classified into 
four groups based on the biomarker profile 
of NfL and YKL- 40. For this purpose, 
LEU- pALS were dichotomised for each 
biomarker into two subcohorts with either 
low or high biomarker concentration based 
on the median of the given biomarker in the 
entire cohort (for NfL=7922 pg/mL, for 
YKL- 40=329 ng/mL). Survival was signifi-
cantly shorter in patients with both increased 
NfL and YKL- 40 levels compared with 
patients with low NfL and YKL- 40 levels 
(figure 1A). A Kaplan- Meier survival anal-
ysis including these four groups confirmed 
these findings (χ²=23.43, p<0.0001) 
(figure 1B). Similar results were found when 
pNfH was combined with YKL- 40 (online 

supplemental figure 1). These data indicate 
that combinations of biomarkers reflecting 
several key pathological hallmarks may be 
used, based on their median values, to iden-
tify patient subgroups with different survival 
profiles.

To further explore the relation of these 
biomarkers in terms of predicting survival, 
we incorporated these biomarkers in a 
model containing eight established prog-
nostic factors (bulbar vs non- bulbar onset, 
age at onset, presence of definite ALS, 
diagnostic delay, forced vital capacity, 
progression rate, frontotemporal dementia 
(FTD) and presence of a C9orf72 repeat 
expansion).10 When included in this model, 
increased levels (ie, levels above the median 
of the given biomarker in the entire LEU- 
pALS) were independently associated with a 
shorter survival for each biomarker (online 
supplemental table 6).

Finally, we looked at the discriminatory 
performance of the Nfs, CHIT1, YKL- 40 
and MCP- 1 and the degree of correlation 
between the different markers. All markers 
were elevated in all LEU- pALS, but not 
in LEU- asymp- C9 (online supplemental 
figure 2). Median levels in LEU- C9- ALS 
were similar in LEU- sALS. Nfs, CHIT1, 
YKL- 40 and MCP- 1 levels were not asso-
ciated with the site of onset (bulbar vs 
spinal) or the initial motor neuron pheno-
type (lower motor neuron- predominant vs 
classic ALS). Of all biomarkers, we found 
that Nfs showed the highest sensitivity and 
specificity for discriminating ALS- C9- ALS 
from asymp- C9 (online supplemental table 
7). Other approaches to calculate a cut- off 
to discriminate asymp- C9 from ALS- C9 
were investigated and subsequently applied 
to the BETH (online supplemental table 
8). We selected the 99% CI as cut- off for 
all five markers which yielded the highest 
sensitivity compared with the other tested 
methods. Cohen’s kappa, an estimate of 
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Figure 1 Combination of NfL and YKL- 40 levels to predict survival in patients with amyotrophic 
lateral sclerosis. Scatter plot of survival in patients with amyotrophic lateral sclerosis (ALS) based on 
the biomarker profile of neurofilament light (NfL) and chitinase-3- like protein 1 (YKL-40) levels in 
cerebrospinal fluid (CSF) (A). Patients with ALS were classified as high and low according to the median 
concentration of the specific biomarker. Kruskal- Wallis test with Dunn’s post hoc test, ****p<0.0001. 
Kaplan- Meier survival curves of patients with ALS classified according to the biomarker profile (B).
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classification agreement when applying the 
LEU derived cut- off on the BETH, showed 
that Nfs yielded the most performant, that 
is, substantial agreement, whereas for the 
neuroinflammatory markers the agreement 
was poor (CHIT) to moderate (YKL- 40, 
MCP- 1) (online supplemental table 9).

A correlation matrix for the different 
biomarkers was created for LEU- pALS 
(online supplemental figure 3). The 
strongest correlation was found between 
Nfs. Of the different neuroinflammatory 
markers, CHIT1 displayed the strongest 
correlation with Nfs. Across pALS, a 
weak correlation was found between the 
disease progression rate and the different 
markers, reaching significance only for 
CHIT1 (online supplemental figure 
4). For 83 pALS, a second ALS Func-
tional Rating Scale Revised (ALSFRS- R) 
score was obtained with a median time 
of 3.5 months after the first ALSFRS- R 
score. The slope of the ALSFRS- R score 
correlated significantly with Nfs levels 
in CSF, but not with the inflammatory 
markers (online supplemental figure 4).

In comparison with sALS, our study 
could not replicate the elevated Nfs 
levels in C9orf72 ALS, most likely due to 
the relatively small C9- ALS sample size. 
Other study limitations include the retro-
spective design of the study and the fact 
that the polymorphism in CHIT1 was not 
measured. In conclusion, although CHIT1 
levels correlated better with Nfs, YKL- 40 
had the most pronounced added value 
to Nfs to predict survival of pALS. This 
highlights the importance of combining 
different biomarkers to predict survival 
in pALS. Further we showed that Nfs 
yielded better classification agreement 
than neuroinflammatory markers across 
independent cohorts in separating C9- ALS 
and asympt- C9. Multicentre studies are 
required to validate our findings and to 
better understand the role of the neuroin-
flammatory markers in ALS.
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Material & methods 

The University Hospitals Leuven Institutional Review Board approved this retrospective study 

(S51125, S58248 and S60768). Patients were enrolled between 2014 and 2020, of which 94 received an 

ALS diagnosis according to the revised El Escorial and Awaji criteria by an expert neurologist (PVD). 

Summary demographics of the sporadic ALS (sALS), ALS caused by a C9orf72 repeat expansion (C9-

ALS), asymptomatic C9orf72 repeat expansion carriers (asymp-C9) and disease controls are given in 

table 1. The CSF sampling was performed in patients with ALS referred to the neuromuscular reference 

center (NMRC) of the University Hospitals Leuven. We used Byrne criteria to define sALS [1]. All 

sALS patients underwent gene testing for C9orf72, SOD1, TARDBP and FUS to exclude underlying 

mutations. 

The presence of the expanded hexanucleotide repeat in C9orf72 gene was determined by using a 

routine PCR to detect short repeat lengths. A repeat expansion was excluded if an individual was 

heterozygous for two different short repeat lengths. With the triplet repeat primed PCR technique we 

observed an abnormal profile in patients carrying an expanded repeat. However, the number of repeat 

units in the longest allele was not determined. Asymp-C9 were defined as individuals having a C9orf72 

hexanucleotide repeat expansions of more than 30 repeats who did not report any symptom related to 

ALS or frontotemporal dementia (FTD). In Leuven a cohort of 22 asymp-C9 was included [2] that 

underwent detailed clinical examination by an expert neurologist (PVD), brain 18F-FDG PET and the 

adapted Neary criteria [3]. In addition, Edinburgh Cognitive and Behavioural ALS Screen (ECAS) was 

performed to screen for more subtle cognitive and behavioral problems. ECAS was also performed in 

symptomatic individuals.  

The disease duration at sampling was defined as the period between the CSF sampling date and 

the time of symptom onset reported by the patient. The diagnostic delay was defined as the time between 

symptom onset reported by the patient and the diagnosis at the NMRC. The disease progression rate was 

defined as the difference between the maximum ALS Functional Rating Scale (ALSFRS-R) score and 

the ALSFRS-R score closest to the date of CSF sampling, divided by the disease duration at the date of 

ALSFRS-R. A second ALSFRS-R score was obtained during follow-up. The classification of patients 

into slow, intermediate and fast disease progression was performed based upon previously calculated 

tertiles for the disease progression rate [4]. The slope of the ALSFRS-R score over time was calculated 

as the difference between the second ALSFRS-R score and the ALSFRS-R scores closest to CSF 

sampling, divided by the time between the two ALSFRS-R scores. Survival was defined as the timespan 

between symptom onset and date of death. The date of the survival analysis (21 March 2021) was used 

for censoring when the patient was still alive.  

A second independent cohort of C9orf72 mutation carriers was used to test the cutoffs determined 

with the Leuven cohort (LEU). The Bethesda cohort (BETH) was collected under supervision of an 
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expert neurologist (BT) at NIH Clinical Center, Bethesda, Maryland (NCT01925196) and comprised 

three diagnostic subgroups ALS-C9, asymp-C9 and FTD-C9. The demographics are provided in table 

2. 

At the University Hospitals Leuven, a disease control cohort of 49 patients was included between 

June 2015 and April 2019 (DC, table 3) and underwent a lumbar puncture for diagnostic purposes. Motor 

neuron disease, immunological, oncological, inflammatory and infectious disorder were ruled out.  

In Leuven standard operating procedures were followed to process the CSF samples. CSF 

biomarker samples were collected after 1 or 2 tubes for routine analyses were collected. Next, the sample 

was centrifuged at 1955-g for 10 min at 4°C and aliquots (Nunc CryoTube Vials, Thermo scientific, 

375353) of 1 mL were created and stored at -80°C within a median time of 30 minutes (5-95th percentile 

17min – 1h38min) after collection. In Betheseda, within 15 minutes of obtaining the CSF, CSF were 

centrifuged at 1750-g at room temperature for 10 minutes. Without disrupting the pellet, 1 mL of CSF 

was drawn at a time with a transfer pipet and 0.25 mL aliquots were placed into the vials. The vials 

containing CSF were immediately placed on dry ice and storage box in -80°C. No pleiocytosis was 

present in any of the samples.  

All measurements were performed in duplicate, randomly spread on the plate and at the same 

laboratory to avoid analytical variability. All CSF biomarkers were measured according to the 

manufacturer’s protocol. Commercially available ELISA assays were used for pNfH (EQ 6561-9601, 

Euroimmun AG, Lübeck, Germany), NfL (10-7001 CE, Umandiagnostics AB, Umeå, Sweden), CHIT1 

(CY-8074, MBL international, Woburn, Massachusetts, USA), YKL-40 (8020, Quidel, San Diego, 

California, USA). For CHIT1, samples were diluted 1:20 [5]. For 7 samples, CHIT1 levels were below 

the detection limit of the assay. These samples were assigned a concentration equivalent to the lower 

detection limit of the assay (48 pg/mL). A chemiluminescent immunoassay was used to measure MCP-

1 (K151NND-1, Mesoscale Discovery, Gaithersburg, Maryland, USA). All measurements were 

performed in duplicate. All CSF samples were centrifuged and aliquots of 1 mL were created. 

Subsequently, the aliquots were stored at -80°C within 24 hours after collection. No pleiocytosis was 

present in any of the samples. All measurements were performed at the laboratory of molecular 

neurobiomarker research (KU Leuven) in duplicate and randomly spread on the plates. For all 

biomarkers the intra-assay variability was below 10% and the inter-assay variability was below 20%. 

Biomarker levels of 9 ALS-C9, 16 asymp-C9, 80 sALS and 20 DC patients were previously published 

[2, 6]. 

Statistical analysis 

Shapiro-Wilk test was used for assessing normality of data. The Spearman’s rank correlation with 

a Bonferroni correction for each hypothesis was used (adjusted p-values are given). Group comparisons 

were performed with the Mann-Whitney U test, or the Kruskal-Wallis test corrected for multiple 

comparison with the Dunn’s post hoc test. Receiver operating characteristic (ROC) curve analysis was 
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performed to establish the diagnostic accuracy, sensitivity, and specificity of each biomarker. The 

optimal cutoff value was determined by calculating the upper limit of the 99% confidence interval of 

the asymp-C9. Other approaches to calculate a cutoff were the Youden Index and the mean plus two 

times standard deviation. Cohen’s kappa (Κ) was used to identify the classification agreement when 

applying the cutoffs defined using the LEU to the independent BETH. Logistic regression analysis was 

performed to assess the combination of biomarkers in the ROC curve analysis. Survival was estimated 

with the Kaplan-Meier curves and the log-rank test was conducted to determine differences between the 

survival curves (n=94, censored: 14%). A Cox proportional-hazards regression survival model was 

calculated using the 8 clinical predictors from the ENCALS personalized prediction model for patients 

with ALS (n=84, censored: 13%) [7]. The covariates included in the model were presence of bulbar 

onset, age at onset, definite ALS (revised El Escorial criteria), diagnostic delay, forced vital capacity, 

disease progression rate, presence of FTD, presence of a C9orf72 repeat expansion, and a CSF biomarker 

(pNfH, NfL, CHIT1, YKL-40 or MCP-1). Patients were stratified as low and high biomarker level based 

upon the median concentration of the biomarker in the total ALS cohort. The enter method was used for 

the multivariate Cox proportional-hazards regression analyses. A Cox proportional-hazards regression 

analysis was used to evaluate the combined biomarker model to estimate survival using a step-wise 

backward method. Every step a single variable with the highest p-value above 0.05 was removed from 

the model. The -2 Log Likelihood was used to evaluate the fit of the model. GraphPad Prism (V.9.1.2, 

GraphPad Software, San Diego, California, USA), MedCalc (V.18.11.3, MedCalc Software bvba, 

Ostend, Belgium) and SPSS (V.27, IBM Corporation, Chicago, IL, USA) were used. 
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Supplementary table 1 Patient demographics of the LEU  

 sALS C9-ALS asymp-C9 DC 

N 83 11 22 49 

Age at LP (years) 63 (38 - 83) 56 (42 - 64) 52 (29 - 59)* 49 (23 - 83)* 

Gender (male, female) 48/35 8/3 9/13 23/26 

Bulbar onset (%) 22 (27%) 4 (36%) - - 

ALSFRS-R (points) 39 (16-47) 37 (27-47) - - 

Disease duration (months) 11 (2,3 - 44) 10 (3,5 - 22) - - 

CSF biomarker      

pNfH (pg/mL) 2439 (314-17247) 3623 (2421-6313) 200 (66-408) 169 (24-432) 

NfL (pg/mL) 7777 (191-55394) 9057 (4077-15836) 619 (247-1437) 549 (191-2384) 

CHIT1 (pg/mL) 7349 (48-122261) 11879 (48-62194) 1266 (289-4385) 1506 (48-9182) 

YKL-40 (ng/mL) 326 (107-696) 349 (139-460) 171 (84-389) 175 (79-471) 

MCP-1 (pg/mL) 421 (266-1036) 473 (270-611) 322 (240-432) 328 (236-644) 

sALS: sporadic ALS, ALS-C9: C9orf72 ALS, asymp-C9: presymptomatic carriers of C9orf72 repeat expansion, 
DC: disease control cohort, LP: lumbar puncture, CSF: cerebrospinal fluid, pNfH: phosphorylated neurofilament 
heavy, NfL: neurofilament light, CHIT1: chitotriosidase, YKL-40: chitinase‐3-like protein 1 and MCP-1: monocyte 
chemoattractant protein-1. Median and range are given. Kruskal-Wallis test *p<0,0001 versus sALS.  

 

Supplementary table 2 Patient demographics of the BETH 

  C9-ALS FTD-C9 Asymp-C9 

N 15 3 12 

Age at onset (years) 55 (34-66) 58 (55-62) - 

Gender (male, female) 11/4 3/0 2/10 

Bulbar onset (%) 6 (40%) - - 

ALSFRS-R (points) 41 (33-46) - - 

Disease duration (months) 24 (4,0-89) 37 (0,1-52) - 

CSF biomarker level     
pNfH (pg/mL) 1310 (136-3249) 92 (56-1021) 361 (117-363) 

NfL (pg/mL) 4455 (434-12815) 364 (172-1463) 2849 (462-3228) 

CHIT1 (pg/mL) 7574 (168-81392) 2680 (508-10125) 3951 (3925-17164) 

YKL-40 (ng/mL) 305 (105-560) 116 (56-272) 378 (230-424) 

MCP-1 (pg/mL) 428 (184-633) 340 (231-458) 440 (311-538) 

ALS: amyotrophic lateral sclerosis, ALSFRS-R: revised ALS functional rating scale, ALS-C9: C9orf72 ALS, 
FTD-C9: frontotemporal dementia with a C9orf72 mutation, asymp-C9: presymptomatic carriers of C9orf72 
repeat expansion, CSF: cerebrospinal fluid, pNfH: phosphorylated neurofilament heavy, NfL: neurofilament 
light, CHIT1: chitotriosidase, YKL-40: chitinase‐3-like protein 1 and MCP-1: monocyte chemoattractant 
protein-1. Median and range are given. 
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Supplementary table 3 Diagnoses and biomarker levels of disease control cohort 

 

Diagnosis N 
CSF pNfH 

(pg/mL) 

CSF NfL 

(pg/mL) 

CSF CHIT1 

(pg/mL) 

CSF YKL-

40 (ng/mL) 

CSF MCP-1 

(pg/mL) 

Headache 14 
144  
(44-298) 

475  
(191-1725) 

1512  
(303-4904) 

180 
(91-246) 

330  
(236-533) 

Subjective cognitive/memory 
decline # 

12 
193  
(81-432) 

594  
(308-1018) 

1388 
(48-3285) 

177  
(123-328) 

360  
(245-474) 

Polyneuropathy/Plexopathy 7 
169  
(44-410) 

611 
(230-2384) 

1506  
(629-2532) 

165  
(89-276) 

289  
(277-534) 

Epilepsy 5 
102  
(68-234) 

468  
(267-1137) 

1555  
(981-3987) 

183  
(140-289) 

292  
(256-562) 

Healthy controls 5 
229  
(181-357) 

549 
(512-976) 

1119  
(794-1760) 

177  
(109-339) 

323  
(301-415) 

Peripheral facial nerve palsy 2 
235  
(116-354) 

1295  
(650-1940) 

5636  
(2090-9182) 

335  
(200-471) 

548  
(452-644) 

Non neuro-inflammatory 
disease * 

2 
24  
(24-24) 

749  
(455-1043) 

360  
(48-672) 

118  
(79-158) 

276  
(269-282) 

Cramp-fasciculation syndrome 1 221 729 1161 105 280 

Essential tremor 1 68 790 1723 144 586 

Median and range are given. CSF: cerebrospinal fluid, pNfH: phosphorylated neurofilament heavy, NfL: 
neurofilament light, CHIT1: chitotriosidase, YKL-40: chitinase‐3-like protein 1 and MCP-1: monocyte 
chemoattractant protein-1. # All types of dementia were (such as Alzheimer's disease, Vasculair dementia, posterior 
cortical atrophy, frontotemporal dementia, Lewy Body dementia) excluded. * Multiple sclerosis and other 
neuroinflammatory diseases were excluded.  

 

Supplementary table 4 Univariate survival analyses of all CSF biomarkers in patients with ALS 

CSF biomarker χ2 p-value 

NfL  12,34 <0,001 

pNfH 12,69 <0,001 

CHIT1 7,616 0,006 

YKL-40 14,05 <0,001 

MCP-1 8,451 0,004 

Significant differences between survival curves when patients are stratified by either high or low 
biomarker level. Kaplan-meier survival analysis and log-rank test. CSF: cerebrospinal fluid, pNfH: 
phosphorylated neurofilament heavy, NfL: neurofilament light, CHIT1: chitotriosidase, YKL-40: 
chitinase‐3-like protein 1 and MCP-1: monocyte chemoattractant protein-1. 
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Supplementary table 5 Selection of CSF biomarkers to predict survival in ALS using a Cox 

regression analysis 

    Wald p-value Hazard ratio (95% CI) 
-2 Log 

Likelihood 

Step 1 pNfH 0,87 0,350 1,33 (0,73-2,41) 592,3 

 NfL 3,13 0,077 1,62 (0,95-2,76)  

 
CHIT1 0,17 0,676 1,13 (0,64-1,98)  

 
YKL-40 4,96 0,026 1,77 (1,07-2,93)  

  MCP-1 1,24 0,265 1,32 (0,81-2,14)   

Step 2 pNfH 1,59 0,207 1,41 (0,83-2,39) 592,5 

 NfL 3,67 0,055 1,66 (0,99-2,79)  

 
YKL-40 4,95 0,026 1,77 (1,07-2,92)  

  MCP-1 1,31 0,253 1,33 (0,82-2,15)   

Step 3 pNfH 2,14 0,144 1,48 (0,88-2,48) 593,8 

 NfL 4,00 0,045 1,70 (1,01-2,85)  
  YKL-40 7,35 0,007 1,93 (1,20-3,11)   

Step 4 NfL 8,17 0,004 2,00 (1,24-3,21) 596,0 

  YKL-40 9,75 0,002 2,10 (1,32-3,34)   

The Cox proportional-hazards regression analysis was used to estimate survival in a multivariate model 
using a step-wise backward method. Patients with amyotrophic lateral sclerosis are dichotomized as 
having low and or high biomarker concentration based upon the median. The -2 Log Likelihood was 
used to evaluate fit of the model.
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Supplementary table 6 Multivariate survival models for each biomarker separately  

The Cox proportional- hazards regression analysis was used to estimate survival in a multivariate model. Patients with amyotrophic lateral sclerosis (ALS) are 
dichotomized as having low and or high biomarker concentration based upon the median. FTD: frontotemporal dementia, FVC: forced vital capacity, DPR: 
disease progression rate, pNfH: phosphorylated neurofilament heavy, NfL: neurofilament light, CHIT1: chitotriosidase, YKL-40: chitinase‐3-like protein 1 and 
MCP-1: monocyte chemoattractant protein-1. The 95% confidence interval is given between brackets.

  Hazard ratio p-value Hazard ratio p-value Hazard ratio p-value Hazard ratio p-value Hazard ratio p-value 

C9orf72 mutation 0,297  
(0,094-0,938) 0,038 

0,438  
(0,146-1,137) 0,142 

0,453  
(0,151-1,355) 0,156 

0,436  
(0,135-1,41) 0,166 

0,231  
(0,069-0,771) 0,017 

Age at onset 1,035  
(1,007-1,064) 0,015 

1,022  
(0,994-1,050) 0,125 

1,029  
(1-1,058) 0,052 

1,007  
(0,978-1,036) 0,648 

1,016  
(0,987-1,045) 0,29 

Bulbar onset 0,473  
(0,247-0,906) 0,024 

0,553  
(0,294-1,039) 0,066 

0,582  
(0,31-1,09) 0,091 

0,486  
(0,251-0,939) 0,032 

0,606  
(0,322-1,139) 0,12 

FTD 2,647  
(1,033-6,786) 0,043 

3,398  
(1,329-8,684) 0,011 

3,278  
(1,286-8,355) 0,013 

3,38  
(1,316-8,684) 0,011 

3,915  
(1,501-10,214) 0,005 

Definite ALS 5,834  
(1,49-22,849) 0,011 

4,790  
(1,271-18,052) 0,021 

4,354  
(1,19-15,935) 0,026 

3,284  
(0,793-13,597) 0,101 

4,742  
(1,226-18,344) 0,024 

FVC 0,986  
(0,973-0,998) 0,024 

0,983  
(0,971-0,995) 0,005 

0,985  
(0,972-0,997) 0,017 

0,981  
(0,969-0,994) 0,003 

0,979  
(0,967-0,992) 0,001 

Diagnostic delay 0,975  
(0,934-1,017) 0,231 

0,966  
(0,924-1,010) 0,126 

0,962  
(0,92-1,004) 0,078 

0,961  
(0,92-1,003) 0,066 

0,961  
(0,918-1,005) 0,084 

DPR 1,485  
(1,067-2,066) 0,019 

1,272  
(0,905-1,789) 0,167 

1,241  
(0,883-1,743) 0,214 

1,18  
(0,855-1,627) 0,314 

1,411  
(1,011-1,97) 0,043 

pNfH 
(High vs low) 

3,359  
(1,869-6,036) <0,001              

NfL 
(High vs low)     

2,064  
(1,234-3,455) 0,006            

CHIT1 
(High vs low)        

2,13  
(1,217-3,728) 0,008        

YKL-40 
(High vs low)            

2,17  
(1,207-3,901) 0,01     

MCP-1 
(High vs low)                 

2,488  
(1,471-4,206) 0,001 
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Supplementary table 7 Diagnostic performances of the CSF biomarkers when differentiating patients with C9-ALS 

from asymp-C9 

 

  CSF pNfH CSF NfL CSF CHIT1 CSF YKL-40 CSF MCP-1 

Cutoff >408 pg/mL >1437 pg/mL >4385 pg/mL >217 ng/mL >432 (pg/mL) 

AUC 1,00 (0,89-1,00) 1,00 (0,89-1,00) 0,71 (0,53-0,86) 0,88 (0,72-0,97) 0,92 (0,77-0,98) 

Sensitivity (%) 100 (71,5-100) 100 (71,5-100) 63,6 (30,8-89,1) 90,9 (58,7-99,8) 81,8 (48,2-97,7) 

Specificity (%) 100 (84,6-100) 100 (84,6-100) 100 (84,6-100) 81,8 (59,7-94,8) 100 (84,6-100) 

  Age-adjusted ROC 

AUC 1,00 (0,89-1,00) 1,00 (0,89-1,00) 0,89 (0,73-0,97) 0,88 (0,73-0,97)  0,91 (0,76-0,98) 

Sensitivity (%) 100 (71,5-100) 100 (71,5-100) 81,8 (48,2-97,7) 81,8 (48,2-97,7) 81,8 (48,2-97,7) 

Specificity (%) 100 (84,6-100) 100 (84,6-100) 95,5 (77,2-99,9) 90,9 (70,8-98,9) 95,5 (77,2-99,9) 

Receiver operating characteristic (ROC) curve analysis was performed to establish the diagnostic accuracy, sensitivity, and 
specificity of each biomarker. The 95% confidence interval is given between brackets. A logistic regression analysis was 
used to correct the area under the curve (AUC) for age as a covariate. No significant differences were observed between 
the original AUC and the age corrected AUC for each biomarker separately (method of DeLong et al. (1988)). CSF: 
cerebrospinal fluid, pNfH: phosphorylated neurofilament heavy, NfL: neurofilament light, CHIT1: chitotriosidase, YKL-
40: chitinase‐3-like protein 1 and MCP-1: monocyte chemoattractant protein-1. 
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Supplementary table 8 Alternative asymp-C9 cutoff approaches based upon the LEU applied to the BETH  

  

99% CI of the 

mean 

Sensitivity 

(%) 

Specificity 

(%) 

Youden 

Index 

Sensitivity 

(%) 

Specificity 

(%) Mean + 2SD 

Sensitivity 

(%) 

Specificity 

(%) 

CSF pNfH (pg/mL) >279 93,3 80,0 >408 86,7 93,3 >422 86,7 93,3 

CSF NfL (pg/mL) >838 93,3 80,0 >1437 93,3 80,0 >1240 93,3 80,0 

CSF CHIT1 (pg/mL) >2296 80,0 33,3 >4385 66,7 73,3 >3961 66,7 66,7 

CSF YKL-40 (ng/mL) >229 80,0 73,3 >217 80,0 73,3 >332 46,7 86,7 

CSFMCP-1 (pg/mL) >361 93,3 53,3 >432 46,7 80,0 >440 40,0 86,7 

Approach 1: The upper boundary of 99% confidence interval (CI) of the asymp-C9 for pNfH, NfL, CHIT1, YKL-40 and MCP-1 levels. Approach 2: Receiver operating 
characteristic curve analysis with the highest Youden index. Approach 3: cutoff calculated by adding two times the standard deviation (SD) to the mean concentration of every 
biomarker. ALS-C9: C9orf72 ALS, asymp-C9: presymptomatic carriers of C9orf72 repeat expansion, CSF: cerebrospinal fluid, pNfH: phosphorylated neurofilament heavy, 
NfL: neurofilament light, CHIT1: chitotriosidase, YKL-40: chitinase‐3-like protein 1 and MCP-1: monocyte chemoattractant protein-1.  
 

Supplementary table 9 Classification agreement of the defined LEU cutoffs applied to the independent BETH  

CSF biomarker Kappa (95%CI) 

NfL  0,73 (0,49-0,98) 

pNfH 0,73 (0,49-0,98) 

CHIT1 0,13 (-0,18-0,45) 

YKL-40 0,53 (0,23-0,84) 

MCP-1 0,47 (0,18-0,76) 

95%CI: 95% confidence interval, CSF: cerebrospinal fluid, pNfH: phosphorylated neurofilament heavy, NfL: neurofilament light, CHIT1: chitotriosidase, YKL-40: 
chitinase‐3-like protein 1 and MCP-1: monocyte chemoattractant protein-1.  
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Supplementary figure 1 Combination of pNfH and YKL-40 levels to predict survival in patients 

with amyotrophic lateral sclerosis 

Scatter plot of survival in patients with amyotrophic lateral sclerosis (ALS) based upon the biomarker 

profile of pNfH (phosphorylated neurofilament heavy) and chitinase‐3-like protein 1 (YKL‐40) levels 

in cerebrospinal fluid (CSF) (A). Patients with ALS were classified as high and low according to the 

median concentration of the specific biomarker. Kruskal- Wallis test with Dunn’s post hoc test, ***p < 

0,001. Kaplan-Meier survival curves of patients with ALS classified according to the biomarker profile 

(B). 
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Supplementary Figure 3 Correlation of biomarkers for neurodegeneration and 

neuroinflammation in cerebrospinal fluid of patients with amyotrophic lateral sclerosis. 

Correlation matrix for phosphorylated neurofilament heavy (pNfH), neurofilament light (NfL), 

chitotriosidase (CHIT1), chitinase‐3-like protein 1 (YKL‐40) and monocyte chemoattractant protein-1 

(MCP-1) in cerebrospinal fluid of patients with amyotrophic lateral sclerosis. Spearman’s rank 

correlation with Bonferroni correction (adjusted p-values are given): ****p < 0,0001, ***p < 0,001 **p 

< 0,01, *p < 0,05. The 95% confidence interval is given between brackets.  

 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Neurol Neurosurg Psychiatry

 doi: 10.1136/jnnp-2021-327877–2.:10 2021;J Neurol Neurosurg Psychiatry, et al. Masrori P



14 

 

 

Supplementary Figure 4 Correlation of biomarkers for neurodegeneration and 

neuroinflammation with disease progression.  

Scatter plots showing the correlation of phosphorylated neurofilament heavy (pNfH), neurofilament 

light (NfL), chitotriosidase (CHIT1), chitinase‐3-like protein 1 (YKL‐40) and monocyte 

chemoattractant protein-1 (MCP-1) in cerebrospinal fluid of patients with amyotrophic lateral sclerosis 
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with the disease progression rate (n=87, A-E) and with the slope of the revised ALS Functional Rating 

Scale (ALSFRS-R) (n=83, F-J). Spearman’s rank correlation with Bonferroni correction (adjusted p-

values are given). 
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